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Abstract
Serpentine (serpentinite) is a notably unique building stone from Chester County, Pennsylvania that enjoyed
regional building popularity in and around Philadelphia, New York, Washington, and Baltimore. A hydrous
magnesium silicate metamorphic rock, its unusual green color and luster expanded the Victorian palette and
love of polychromatic masonry popular during the last quarter of the nineteenth century. However, its
generally poor weatherability in the city environment and discontinued availability now argue for greater
study of its conservation possibilities. This research examines the composition and performance of weathered
serpentine at the 19th Street Baptist Church in Philadelphia, Pennsylvania to determine the possible efficacy
of ethyl silicate consolidation treatments in improving stone performance and resistance to weathering. The
19th Street Baptist Church is an early and important ecclesiastical design by the famous Philadelphia
architecture firm of Frank Furness and George Hewitt and one of only a few serpentine buildings that survives
in and around Philadelphia due to the deteriorative nature of the stone. The serpentine poses a challenge due
to its complex mineralogical and textural composition, narrow range of use, and lack of previous scientific
research conducted on the material. Considering the nature of the serpentine stone, consolidation was tested
to restore material integrity by recreating the inter-granular cohesion the stone lost through weathering
without aesthetic alterations.
Research and testing was informed by a detailed conditions survey of the exterior stone of the church as well
as characterization of the stone through petrographic thin section analysis, SEM analysis, and wet chemical
methods (acid solubility and salt tests). Physical testing of the stone properties (durability, absorption rates,
porosity, etc.) were measured before and after consolidation through water absorption, water vapor
transmission, freeze/thaw resistance, and strength by resistance drilling. The results of this test program
provide recommendations for future conservation options for the 19th Street Baptist Church and other
serpentine buildings throughout metropolitan areas in the Mid-Atlantic and South Atlantic regions.
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CHAPTER 1: INTRODUCTION
The aim of this thesis was to assess and evaluate the effectiveness of an ethyl 
silicate consolidant on serpentine stone (serpentinite) at the 19th Street Baptist Church in 
Philadelphia, Pennsylvania. The church was an early and important ecclesiastical design by 
the well-known Philadelphia architecture firm Furness & Hewitt. Serpentine is a notably 
unique building stone from Chester County, Pennsylvania that enjoyed regional popularity in 
the late 19th and early 20th centuries.
 A hydrous magnesium silicate metamorphic stone, serpentine’s unusual green 
color and luster expanded the Victorian palette and love of polychromatic masonry popular 
during the last quarter of the 19th century. However, its generally poor weatherability and 
discontinued availability now argue for greater study of its conservation possibilities. Few 
serpentine buildings survive in and around Philadelphia due to a change in taste in the 
20th century and the deteriorative nature of the stone. Expansive and expensive attempts 
usually involving replacement with custom pre-cast or cementitious renders have been used 
in the past to retain the appearance of the stone, yet little research has been conducted on 
methods to preserve the stone itself.  
Recent examination suggests that intrinsic deficiencies in the stone as well as the 
original masonry construction system of the 19th Street Baptist Church have led to severe 
exterior and interior building failures. The deterioration of the serpentine stone veneer 
and its detachment from the rubble wall are two major problems undermining the survival 
of the building. Sections of the exterior serpentine veneer have lost their unit integrity as 
a result of natural weathering and the application of an impervious cement stucco repair 
over portions of the stone. Deterioration of the serpentine now appears as friability and 
gross dimensional loss, as well as veneer destabilization aided by an apparent lack of 
sufficient stone anchoring into the backup masonry. This thesis examines the composition 
and deterioration of the Brinton’s Quarry serpentine and analyzes the possible efficacy of 
consolidation treatments in improving its performance and resistance to weathering. The 
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research and testing was developed through three data sets and methods: previous and 
related technical research, a site conditions survey, and laboratory-based performance 
testing of untreated and treated samples. 
Research reflects briefly on the construction history and major alterations to the 
19th Street Baptist Church, as well as past and current knowledge of serpentine stone, 
including the quarry, geological formation, geo-chemical composition, and deterioration 
mechanisms. Materials and methods of stone consolidation primarily focusing on ethyl 
silicates were researched. The study was informed by a detailed conditions survey of the 
exterior stone of the church as well as characterization of the stone through petrographic 
thin section observations, SEM analysis, and wet chemical methods (acid solubility 
and salt identification). Physical properties of the stone were measured before and 
after consolidation including, water absorption, water vapor permeability, freeze/thaw 
resistance, and strength by resistance drilling. 
Considering the nature of the serpentine stone, consolidation was proposed as 
the first step toward restoring material integrity. The consolidant recreates inter-granular 
cohesion, which the stone has lost through weathering. In addition, some water repellency 
may be imparted to the stone as a result of consolidation; however, further study will 
need to be executed to determine the benefits of a secondary hydrophobic treatment 
(water repellant). Penetration and reaction of the ethyl silicate consolidant depends on the 
molecular size, type of hardener, solvent, application method, and treatment environment. 
The consolidant was selected based on the deterioration processes of the stone, the factors 
affecting the performance, and the compatibility of the consolidant with the specific stone 
composition. Successful application of the consolidant was evaluated according to the 
following performance criteria:
1. Depth of penetration/strength of the treatment and the creation of a continuous 
hardness profile
2. Minimal reduction of water vapor permeability
3
3. Absence of deleterious chemical or physical interactions between the consolidant 
and the building stone, and finally
4. Minimal or no aesthetic alterations in gloss, color, and texture
The serpentine poses a challenge due to its complex mineralogical and textural 
composition, narrow range of use, and lack of previous and recent scientific research 
conducted on the material. Through this thesis a better understanding of serpentine 
weathering was gleaned and conclusive evidence was drawn to the options for stabilization 
through consolidation of the 19th Street Baptist Church veneer stone. The results of this test 
program will help provide recommendations for future conservation options for the 19th 
Street Baptist Church and other serpentine buildings in the Philadelphia area.
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CHAPTER 2: SITE HISTORY AND CONDITIONS
2.1 Memorial Church of the Holy Comforter (19th Street Baptist Church)
The 19th Street Baptist Church, originally built as an Episcopal missionary church, 
the Memorial Church of the Holy Comforter, is located on the corner of 19th and Titan Streets 
in the Point Breeze neighborhood of southwest Philadelphia (Fig, 2.1). The church’s official 
address is 1249-1253 South 19th Street. The building was used for Episcopal worship until 
December 12, 1944, when it was sold to a Baptist congregation and became known as 
the 19th Street Baptist Church.1 The church has played an important role in Philadelphia 
religious history and contributes to the understanding of the development of the Point 
Breeze neighborhood.
1 City of Philadelphia Records Department, Account Number 212000, Registry Number 8519 436.
Figure 2.1. 19th Street Baptist Church on the corner of 19th and Titan Streets, 2013. (K.Brown)
5
2.1.1 Furness & Hewitt
The buildings were designed and built in 1874 by the well-known Philadelphia 
architecture firm of Furness & Hewitt.2 In 1867, Frank Furness formed a partnership with 
his former employer, John Fraser, and an architect of his own generation, George Hewitt and 
they engaged in the design of churches, houses, and places of business.3 In 1871, John Fraser 
moved to Washington, D.C., but Furness and Hewitt continued the practice together for four 
years.4 Hewitt, an Episcopalian, brought ecclesiastical and secular clients to the office.5 He 
drew several Episcopal church projects and prominent and prosperous client families to 
the firm. Furness designed in the French classical style, while Hewitt excelled in English 
Victorian Gothic design.6 However, during the firm’s most successful years, Furness and 
Hewitt appeared to have collaborated on numerous projects. Furness’s sketchbooks showed 
“ornamental intentions” for Hewitt’s church designs and his unmistakable details run freely 
throughout Hewitt’s work.7
The employment of Alan Evans, a draftsman for the firm and Frank Furness’s future 
business partner, gave the firm a connection to St. Peter’s Episcopal Church. In 1873, Evans 
became engaged to Rebecca Lewis, a member of the wealthy Philadelphia Lewis family 
and daughter of a vestry member of St. Peter’s.8 At the time, St. Peter’s Church was a strong 
and thriving parish that dedicated itself to missionary work.9 Through Evans, in 1874 the 
firm Furness & Hewitt was placed in charge of designing St. Peter’s missionary chapel, 
the Memorial Church of the Holy Comforter (also known as St. Peter’s Church Memorial 
Mission and the Memorial Chapel of St. Peter’s Church) and in 1875 restoring St. Peter’s 
2 “Consecration of the New Memorial Church of the Holy Comforter,” The Philadelphia Inquirer, June 
16, 1875.
3 Jeffery A. Cohen, Michael J. Lewis, and George E. Thomas, Frank Furness: The Complete Works, (New 
York: Princeton Architectural Press, Inc., 1996), 42.
4 James F. O’Gorman, The Architecture of Frank Furness, (Philadelphia: University of Pennsylvania 
Press, 1973), 32.
5 Michael J. Lewis, Frank Furness: Architecture and the Violent Mind, (New York: W.M. Norton & Com-
pany, Inc., 2001), 61.
6 Ibid., 62.
7 Ibid., 188.
8 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 72.
9 John Thomas Scharf and Thompson Westcott, History of Philadelphia 1609-1884, vol. 2, (Philadel-
phia: L.H. Everts & Co., 1884), 1347.
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Episcopal Church.10 A missionary church is a branch of a larger parent institution, set up 
for the purpose of spreading a particular type of worship into a community that appears to 
lack religious guidance. The mission was started in 1871 and the congregation worshiped 
in a wood frame chapel (St. Peter’s Memorial Chapel) at Nineteenth and Federal Streets.11 
A relative of Rebecca Lewis, named Margaretta S. Lewis, commissioned the construction 
of the new stone missionary chapel and school (parish) building, on ground the family 
owned at 19th and Titan Streets as a memorial to her mother.12 Records found at St. Peter’s 
church report Margaretta Lewis’s cousin Robert M. Lewis, managed the construction of the 
church.13 
A page from Furness’s sketchbook lists specific projects executed by the firm of 
Furness & Hewitt. The list includes the notation “Titan Church 700 H.”14  “Titan” referred 
to the street where the Memorial Church of the Holy Comforter was located. The number 
“700” most likely denotes a design fee and the initial “H” gives responsibility for the project 
to George Hewitt.15 The Victorian Gothic church design and link to the client has been 
attributed to Hewitt.16 When the partnership between Furness and Hewitt dissolved in 
1875, the church commission left with Hewitt.17 No sketchbooks and only a few renderings 
by Hewitt have been found.18 Based upon Hewitt’s reputation in ecclesiastical design and 
Furness’s notations, there is enough evidence to substantiate Hewitt ‘s connection to the 
Memorial Church of the Holy Comforter but the interior and exterior details also clearly 
suggest Furness’s involvement.
10 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 72.
11 “Laying of a Cornerstone,” Public Ledger Supplement, June 20, 1874.
12 Scharf and Westcott, History of Philadelphia, 1348.
13 Cordelia Francis Biddle et al., St. Peter’s Church: Faith in Action for 250 Years, (Philadelphia: Temple 
University Press, 2011), 123.
14 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 80-81.
15 Ibid.
16 Lewis, Architecture and the Violent Mind, 115.
17 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 72.
18 Ibid., 82-83.
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2.1.2 Construction
At the time of construction, the neighborhood surrounding the church was newly 
built and densely populated by an industrious working class. Public opinion held that the 
Memorial Church of the Holy Comforter when completed, would be “quite an acquisition 
to [the] growing neighborhood, and [would] supply a want which [had] been long felt.”19 In 
the 1870s, Americans of the post-war generation rejected tradition-bound art, architecture, 
and the aesthetics of the period before the Civil War and embraced all that was present 
and ideal.20 A popular and fashionable architectural style at the time was Victorian Gothic, 
a more eclectic version of pre-war medievalizing in which Furness & Hewitt had design 
experience. 
Episcopal Diocese Bishop William Bacon Stevens and several clergymen laid the 
cornerstone for the Protestant Episcopal Memorial Church of the Holy Comforter at six 
o’clock in the evening on June 15, 1874.21 The Philadelphia Inquirer reported:
The following are the contents of the box deposited in the corner-stone: 
- Holy Bible, Book of Common Prayer, copy of the Churchman of June 13, 1874, 
copy of the Episcopal Register, The Philadelphia Inquirer and other daily papers, 
gold and silver coins, and a parchment with the following inscription: 
- To the Glory of God - This Chapel of St. Peter’s Church is erected in memory 
of Mrs. Martha R. Lewis, a life long member of this parish, by her daughter, 
Margaretta S. Lewis, and is to be known as the Holy Comforter. The Right Rev. 
William Bacon Stevens, D. D., LL.D., laid this corner stone June 15, 1874.22
Erected first was the school building, followed by the chapel.23 The highest quality 
materials outfitted both buildings including varnished wood paneling, yellow pine floors, 
and walnut moldings.24 The school building was “erected for Sunday and day schools and 
Bible classes” from the same materials as the church for an “estimated cost of $15,000” and 
19 “Laying of the Corner-Stone of the P. E. Memorial Church of the Holy Comforter – Description of 
the Building – Address By Bishop Stevens – Interesting Exercises,” The Philadelphia Inquirer, June 16, 
1874.
20 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 38.
21 “Laying of the Corner-Stone,” The Philadelphia Inquirer, June 16, 1874.
22 Ibid.
23 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 186-187.
24 Molly Ann Sheehan, “Preservation and Urban Religious Institutions: Opportunities and Strategies 
for the Preservation of the 19th Street Baptist Church,” (master’s thesis, UPenn, 2001), 25.
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was “about 28 square feet.”25 The two-story structure had a slate roof with “neat iron work” 
and a tower with a cupola and belfry.26 Front and back entries provided access to the school 
building. 
An article in the Public Ledger from 1874 noted that “the new building (chapel) will 
be of green serpentine stone…and it is estimated that it will cost $30,000. It will have a front 
of 41 on Nineteenth and 106 on Titan [S]treet.”27 Serpentine stone was popular as a regional 
building stone in the late 19th century due to its distinctive green color and it is the most 
prominent stone type on the chapel and parish house. The chapel was built to accommodate 
400 people and was outfitted with walnut pews and beautiful stained glass windows.28 The 
nave was double pitched with eight principal wood rafters and pointed arches that spanned 
the central isle.29 St. Peter’s Church Vestry minutes do not contain details describing the 
construction of the church, but they do note that the Lewis family, particularly Margaretta 
S. Lewis, paid all the construction and material costs.30 The expected completion date for 
both buildings was January 1, 1875 and the church was consecrated on June 15, 1875.31 The 
Philadelphia Inquirer recorded the details of the church on the day of its consecration:
In the audience room of the chapel are neat stained glass windows, the one in 
the chancel being a beautiful one, representing the Resurrection. A memorial
 tablet to Rev. Robert Farnum Chase, the first minister in charge of the parish is 
on the wall near the pulpit, and another to Mrs. Martha R. Lewis, near the 
front. The lectern is eagle shaped, and the panels of the reredos contain beautiful 
designs in gold on a blue ground. The gas fixtures, which were from Baker & 
Arnold’s are of a handsome pattern, the prevailing color being blue, and the 
pendent from the ceiling of the chancel is a corona-shaped chandelier. The floor
 is covered with handsome carpet, and on the right of the chancel is a fine organ. 
Messrs. Furness & Hewitt were the architects, and the total cost of the chapel 
and parish building, including the furniture, was $50,000.32
25 “Laying of a Cornerstone,” Public Ledger Supplement, June 20, 1874.
26 Sheehan, “Preservation and Urban Religious Institutions,” 24.
27 “Laying of a Cornerstone,” Public Ledger Supplement, June 20, 1874.
28 Ibid.
29 Sheehan, “Preservation and Urban Religious Institutions,” 26.
30 Jefferson M. Moak, “Memorial Church of the Holy Comforter,” Philadelphia of Historic Places Nomi-
nation Form, 1984.
31 “Laying of the Corner-Stone,” The Philadelphia Inquirer, June 16, 1874.
32 “Consecration of the New Memorial Church,” The Philadelphia Inquirer, June 16, 1875.
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The massive high styled green colored Victorian Gothic church at 19th and Titan 
Streets dwarfed the neighboring vernacular red brick rowhouses (Fig. 2.2). From the corner 
of the two streets a 120-foot bell tower rose from the building with a steeple on top, sitting 
high above the surrounding streets.33 Originally the stone base of the tower reached above 
the apex of the church roof before the wood steeple began.34 The buildings were designed 
and decorated in a vivacious polychromatic palette composed of locally quarried green 
serpentine stone, red and brown sandstones (brownstone), yellow sandstone, and white 
marble. The Philadelphia Inquirer and the Public Ledger both reported in 1874 that the 
building would be “constructed of green serpentine stone, dressed with Ohio stone.”35 This 
means that the sandstones used in the church’s construction were probably from the Ohio 
sandstone quarries around Berlin, popular at the time. Both the parish school and chapel 
are clad in green serpentine and light buff sandstone was used in the string courses and 
trim work around the windows and doors. It also had a riotous polychromatic slate roof. The 
building was described as “large and beautiful” and a “model of beauty and convenience.”36
The serpentine and sandstone trim used on the Memorial Church of the Holy 
Comforter was the same stone used to build the Lutheran Church of the Holy Communion.37 
The Lutheran Church of the Holy Communion was built between 1870 and 1875 and was 
also attributed to George Hewitt (Fig. 2.3).38 Once located on Broad and Arch Streets, this 
polychromatic church similar to the 19th Street Baptist Church, has since been demolished. 
The Memorial Church of the Holy Comforter and the Lutheran Church of the Holy 
Communion are thought to be the only serpentine buildings designed by Furness & Hewitt. 
Hewitt reveled in color and the churches shared similarities in building material selection 
and design.39 Besides the green serpentine, on the exterior both churches had large towers 
with steeples and weathervanes on top. They had stone crosses projecting from the roof 
33 “Laying of a Cornerstone,” Public Ledger Supplement, June 20, 1874.
34 Moak, “Memorial Church of the Holy Comforter,” 1984.
35 “Laying of the Corner-Stone,” The Philadelphia Inquirer, June 16, 1874.
36 Scharf and Westcott, History of Philadelphia, 1348.
37 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 186-187.
38 Ibid., 154-156.
39 Lewis, Architecture and the Violent Mind, 96.
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peaks and tracery stone around the window and door openings. Both churches had peaked 
roofs with vaulted ceilings and a visible wood truss system on the interior (Fig. 2.4). The 
main aisles were flanked on either side by an arcade with columns. Above the apse in both 
churches sits a large stained glass rose window with flanking arched stained glass windows. 
This design connection between the two buildings further solidifies Hewitt’s hand in the 
design of both churches.
Figure 2.2. Memorial Church of the Holy Comforter, date 
unknown. (Philadelphia Churches Collection, Print 
Department, The Free Library of Philadelphia)
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Figure 2.3. Lutheran Church of the Holy Communion, 
photograph with rendered spire, c. 1873. (Cohen, 
Lewis, and Thomas, Frank Furness: The Complete 
Works, 155)
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2.2 Building Description
The 19th Street Baptist Church is located in an urban residential neighborhood. 
Concrete sidewalks surround the church on three sides and there is an abandoned unpaved 
lot in the rear. The church has two structures, the chapel and the parish house, which both 
face 19th Street as their principle facades. An alleyway at the rear of the buildings joins 
the two together. The chapel and parish house are both two stories high with gable roofs 
and triangular dormer windows. Both buildings were designed with timber frame towers, 
but only the tower on the parish house still exists. The building’s stone envelope retains 
the same polychromatic appearance and the original green serpentine stone, brownstone, 
yellow sandstone, and white marble remain (Fig. 2.5). The yellow sandstone on the building 
shows remnants of red paint that once covered these stones. Photographs from the 1980s 
show the yellow sandstone as being painted. 
Figure 2.4. Comparison of interiors of the Memorial Church of the Holy Comforter 
(left) c. 1988 and the Lutheran Church of the Holy Communion (right) c. 1875.  
(Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 155 and 187)
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At the base of the chapel tower, corbelled brown sandstone was used and it is 
also visible on the bottom of the arch overtop of the entrance doors. On the parish house, 
random polygonal white marble forms a blind arch infill over the upper arched windows 
and solid granite stairs were installed at each of the four entrances on the chapel and the 
one entrance on the parish house. The mortar is a pale pinkish beige color. The buildings are 
constructed as a rubble masonry core clad in serpentine. The veneer coursing on the main 
street facades is rectilinear ashlar coursing and polygonal random ashlar coursing in the 
courtyard and on the rear of the buildings. The veneer stones range in size from roughly 8 to 
Figure 2.5. 19th Street chapel facade showing various build-
ing materials and removed steeple, 2013. (K. Brown)
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14 square inches. The veneer blocks are variable in thickness but tend to be approximately 
2 inches to 6 inches in depth with no additional anchoring system attaching the veneer 
stone to the rubble core is visible. Stones are up to 8 inches thick in areas where structural 
bonding is required such as around the windows.
2.3 Building Alterations
Since the construction of Memorial Church of the Holy Comforter, the chapel and 
school (parish) building have undergone alterations and additions as the congregation has 
grown and changed.40 The enlargements and alterations were paid for at least in part by “the 
generous benefactress of [the] church.”41 In 1882 the school building underwent substantial 
alterations and additions. A brick and stone two-story addition was built on the back of 
the original building, adding an additional sixty-two feet.42 In 1914, the church applied for 
a permit to add a $100 slate roof addition between the parish house and the chapel.43 This 
addition was meant to provide access between the two buildings and protection from the 
weather for both the clergy and the choir. The current church owner identified that the 
pistachio colored stucco coating was applied to the building envelope in 1949, five years 
after the 19th Street Baptist Church purchased the property.44 The date when the slate roof 
was changed to an asphalt shingle roof is unknown, however it could have been during the 
1949 alterations. Other possible alterations and additions to the church buildings cannot 
be identified due to the lack of permits from 1881-1882 and the inaccessibility to the City 
of Philadelphia’s Department of Licenses & Inspections permits and records between 1914 
and 1954. The lack of these records inhibits a complete history of building alterations 
and conditions, particularly during the late ownership by the Episcopal Church and the 
beginning of ownership by the Baptist Church. It is possible work was completed on the 
church during the transition period between the two congregations with or without permits.
40 Scharf and Westcott, History of Philadelphia, 1348.
41 Ibid.
42 Sheehan, “Preservation and Urban Religious Institutions,” 29.
43 Ibid.
44 Ibid., 30.
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The most significant alterations to the church occurred in 1954. First, the wood 
framed steeple and its slate cladding was demolished down to its masonry base.45 The 
remaining steeple was in violation of the Philadelphia Building Code and required repair in 
1959 and 1971. Repair and stabilization of the stone on top of the tower was required as 
well. In 1974, maintenance and improvement work including minor demolition, painting, 
door replacement, carpentry work, and the addition of air conditioning was completed on 
both buildings.46 Then in 1979, more demolition was completed on the steeple for a cost 
of $500 so the bell could be removed. The bell now sits in the basement of the church. On 
March 8, 2000, the Department of Licenses & Inspections cited safety violations against 
the church for the deteriorated state of the stucco and serpentine stone which posed a 
threat to pedestrians.47 Between 2000 and 2011, one third of the rear school building 
addition was demolished. On August 12, 2011, the church was deemed unsafe by the 
Department of Licenses & Inspections and issued 30 days to fix the structure. This citation 
noted major issues with the walls and roof. A detailed list and copies of building inspection 
reports (1911), building repair and alteration permits (1908, 1954, 1962, 1979), zoning 
permits (1966, 1971, 1974, 1979), statements of occupancy (1970, 1971), and notices of 
building violations (1968, 1969, 2000) can be found in “Preservation and Urban Religious 
Institutions: Opportunities and Strategies for the Preservation of the 19th Street Baptist 
Church.” 
2.4 Environmental Conditions
Philadelphia is located in climate Zone 4A (Mixed-Humid).48 It experiences four 
seasons with generally cold winters, warm springs, hot and humid summers, and cool falls. 
Typically, the temperature ranges from the low to mid 20°F (-6°C) up to the mid 80°F (26°C). 
Record lows have reached negative numbers and highs have reached over 100°F (37°C). 
45 Ibid., 31.
46 Ibid., 32.
47 Ibid.
48 “Guide to Determining Climate Regions by Country,” U.S. Department of Energy, last modified 
August 2010, http://apps1.eere.energy.gov/buildings/publications/pdfs/building_america/ba_cli-
mateguide_7_1.pdf.
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Philadelphia has an average annual precipitation of just over three feet, with its wettest 
month being July and the driest being February. The average annual relative humidity 
ranges from 76% in the morning to 55% in the afternoon. Winters are cold with average 
daily temperatures around 30° F (-1°C) and daily cycles between the low 20° F (-6°C) to mid 
40° F (4°C).49  
On average Philadelphia receives a total accumulation of two feet of snow each 
winter (November thru March). Winter winds generally blow from the northwesterly 
direction.  Record snowfall for Philadelphia occurred in the winter of 2010, where the city 
received over 80 inches of snow. During the spring, temperatures range from the low 30°F 
(-1°C) to the mid 60°F (15°C).  Summer temperatures typically average 70°F (21°C) with 
maximum temperatures in the upper 80°F (26°C) and extreme highs sometime reaching 
over 100°F (37°C).  During the fall temperatures begin to cool down, averaging in the 50°F 
- 60°F (10°C - 15°C) with an average of three inches of precipitation during September, 
October, and November.50
Philadelphia occasionally experiences severe weather. During the winter 
Philadelphia can experience severe winter storms in the form of blizzards and nor’easters 
that produce large amounts of snow and strong winds. The average yearly snowfall for 
Philadelphia is between 20 and 30 inches. Philadelphia has also experienced droughts. 
Between 1958 and 1999 there were six tornados within Philadelphia County.51 
Thunderstorms are a regular occurrence in Philadelphia with the majority of them 
occurring between May and September. These storms sometimes can be severe, with 
strong winds, heavy rain, and flooding in low-lying areas.  The city has been hit by several 
tropical storms and hurricanes, which bring strong winds and torrential rains leading to 
flooding and storm surges. In 2004, rain associated with the remnants of hurricanes Frances 
(September 8-10), Ivan (September 17-19) and Jeanne (September 27-28) contributed to 
49 “Philadelphia 724080 Complete Engineering Weather Data Package,” Air Force Combat Climatol-
ogy Center, accessed March 28, 2013, http://webapp1.dlib.indiana.edu/cgi-bin/virtcdlib/index.
cgi/4910250/FID1/engwx/philadelphia_pa.pdf.
50 Ibid.
51 “Events Database – Significant Weather Evens in Mid-Atlantic Region,” Pennsylvania State Climate 
Office, accessed March 28, 2013, http://climate.met.psu.edu/data/events/.
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one of the state’s wettest months. In 2011, Hurricane Irene (August 27-28), Tropical Storm 
Lee, and many other large weather systems in early September produced excessive rainfall 
and widespread flooding in eastern Pennsylvania. 
2.5 Deterioration Mechanisms and Current Building Conditions
Serpentine was popular and extensively used for building purposes on account of 
its color and carvability, which permitted it to be easily chiseled or sawed into desirable 
forms.52 As early as 1883, there were suspicions about the stone’s durability, due in part to 
its softness, but the success of the stone in buildings particularly in Chester County quelled 
these suspicions.53 Fast-forward 130 years and the 1883 suspicions were not unfounded. 
The intrinsic deficiencies in the stone as well as the original masonry construction system of 
the 19th Street Baptist Church have led to serious exterior and interior building failures. The 
church is suffering from a number of issues that have manifested over an extended period 
of time. Photographs from 1980 show an intact building interior and exterior.54 Deferred 
maintenance and lack of funding has clearly contributed to the fall of this once majestic 
church. Safety fencing now encircles the building while efforts begin to preserve the church. 
Various reports and surveys have been completed over the past 20 years by 
Michael Stern at the Philadelphia Historic Preservation Corporation (1993), Marianna 
Thomas Architects (1996), S. Harris & Co. (2000), and Keast & Hood Co. (2008). Building 
Conservation Associates (BCA) and Keast & Hood Co. completed an unofficial report (2011) 
in response to the violation issued by the Department of Licenses & Inspections. Students 
in Professor Frank Matero’s masonry seminar at the University of Pennsylvania’s Graduate 
Program in Historic Preservation also completed a report and conditions survey (2011). To 
date, none of the masonry issues identified in these reports have been studied in detail or 
resolved. 
52 P. Frazer, “Report of Progress – F. Serpentine,” Second Geological Survey of Pennsylvania 1883: C4, 
346.
53 Ibid.
54 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 186-187.
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2.5.1 Serpentine Stone
The most serious problem and the focus of this research is the condition of the 
exterior serpentine walls. Two major problems undermining the survival of the building 
are the deterioration of the serpentine stone veneer and its detachment from the rubble 
wall. The 1984 Philadelphia Register of Historic Places Nomination Form states the 
“building presently stands in poor condition, with deteriorating stonework.”55 Deterioration 
of the serpentine today appears as surface friability, gross dimensional loss, and veneer 
destabilization aided by an apparent lack of sufficient stone anchoring into the backup 
masonry (Fig. 2.6). 
Serpentine buildings are often refaced or torn down due to the extensive 
deterioration of the envelope. Deteriorated stones can also be tooled back to a sound surface 
and patched with a cementitous patching material. Sometimes the serpentine stone is 
removed entirely from the building and replaced with precast stone blocks composed of 
portland cement, an inorganic masonry pigment, and aggregate. At West Chester University, 
1920s cast stone that was created included crushed serpentine aggregate embedded in a 
gray cementitious matrix. The precast replacements mimic the look of serpentine but do not 
share the same weathering issues. Examples of patching and precast stone replacements 
can be seen on College Hall at the University of Pennsylvania and Recitation Hall at the West 
Chester University.
Serpentine is highly susceptible to deterioration from many causes. It is a porous 
building stone that has not proven to be highly durable in urban areas. Existing serpentine 
buildings from the 19th century suggest that damage to stone is greatest where there is 
sulfur-based acidic deposition from atmospheric pollution. Serpentine is an alkali stone that 
disintegrates rapidly in the acidic atmosphere of densely populated cities and therefore, is 
prone to attack by sulphuric acid and carbon dioxide dissolved in and transported through 
rainwater and water vapor.56 The sulfur dioxide concentrations came from industrialized 
coal firing that occurred in the later half of the 20th century. 
55 Moak, “Memorial Church of the Holy Comforter,” 1984.
56 Hugh E. McKinsey, “The Minerals of Brinton’s Quarry, Chester County, PA,” The American Mineralo-
gist: 57.
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Concentrations of sulfur dioxide (SO2) in Philadelphia were low in the 1880s, 
highest in the 1930s, and low again by 1980.57  Sulfur dioxide (SO2) damage to stone is 
further exacerbated by nitrogen oxide (NOx) from heavy automotive traffic and power 
plants that were abundant.  More dry (gaseous) and wet (rain or snow) acidic precipitation 
accumulates and is transported into serpentine buildings in Philadelphia than in rural 
areas.58 Even in rural buildings, rainwater can enter porous serpentine stone and cause 
dissolution, hydration, and oxidation of minerals and mechanical breakdown due to the 
formation of salts and ice. 
In an atmosphere with high sulfur content the stone loses luster, color, and hardness. 
The sulfur-based acidic deposition causes the serpentine to form a pale yellow surface 
crust. This is due to the alteration of the iron-rich olivine and chromite turning to limonite 
57 Thomas C. Meierding, “Weathering of Serpentine Stone Buildings in the Philadelphia, Pennsylva-
nia, Region: A Geographic Approach Related to Acidic Deposition,” in Stone Decay in the Architectural 
Environment: Geological Society of America Special Paper 390, ed. Alice V. Turkington (Boulder: The 
Geological Society of America, 2005), 18.
58 Ibid., 18.
Figure 2.6. Deteriorated serpentine stone with gross dimensional loss exposing the  
rubble core, 2013. (K. Brown)
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that subsequently migrates to the surface.59 The yellow crust is thin (<2mm), hard, and 
protective. Although the crust is compact and hardened, the green underlying stone layers 
are visibly porous and flakey (Fig. 2.7). Meierding reports that x-ray diffraction suggests the 
hardened surface is “composed primarily of lizardite and a primary crystalline chlorite.”60 
The serpentine on the 19th Street Baptist Church has lost almost all of the surface crusts 
that were one time visible with their original tooling marks. A small amount remains on 
stones between window openings or on the upper walls under the roof eaves. The loss of 
this surface hardening can be attributed to several possible mechanisms including thermal 
stressing, entrapped moisture, and the less permeable cement stucco applied to the building 
in the 1940s-50s. The high bond strength of the cement stucco can be observed when the 
stucco detaches from the surface, taking with it the entire weakened face of the concealed 
stone.
59 Ibid., 20.
60 Ibid.
Figure 2.7. Surface friability on serpentine stone, 2013. (K. Brown)
21
Mineralogical inconsistencies within the stone lead to varied weathering patterns 
and deterioration. High block-to-block weathering variability on a single building is not 
unique to serpentine (Fig. 2.8).61 Stable stone blocks can be seen next to badly eroded stones 
suffering from erosion and delamination. Similar variability in serpentine weathering can be 
observed on the serpentine stone at Brinton’s Quarry. 
Serpentine stone is known to develop microcracks over time due to undetermined 
environmental stresses and weathering. This issue lends to the easy absorption of water, 
and accelerated deterioration of the stone due to expansion and contraction of the stone 
matrix. Water can penetrate into the wall from roof level failures, water vapor permeation, 
and rising damp (capillary rise of ground water). The moisture is absorbed into the stone 
through its matrix and microcracks. The presence of moisture can facilitate mechanical 
damage from freeze/thaw cycling, the subflorescence of migrating salts, damage from 
trapped water vapor, and biological colonization. The Philadelphia region is subject to 
many annual freezing events. Given the amount of water that is likely present in the 
61 Meierding, “Weathering of Serpentine Stone Buildings,” 24.
Figure 2.8. Variable weathering between blocks of serpentine stone, 2013. (K. Brown)
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stone, the mechanical damage from freeze/thaw cycling is most likely playing a role in 
the deterioration of the stone. The presence of salts from the mortar, environment or a 
combination of both may also place stress on the stone. Smith in his 1985 master’s thesis 
concluded that a major cause of deterioration of serpentine in Chester County is the 
formation of magnesium sulfate salts following the exposure to acid rain precipitation.62 
This is an issue that would undoubtedly be exacerbated in the acidic atmosphere of 
Philadelphia. 
62 Edward Austin, Smith, “The Conservation of Brinton’s Serpentine Stone,” (master’s thesis,  Colum-
bia, 1985). 
Figure 2.9. Interior exposed rubble load-bearing masonry 
wall, 2013. (K. Brown)
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Both church buildings are load-bearing masonry structures with a rubble masonry 
core composed of various sizes and types of stone including schist and serpentine. On 
the interior the rubble core is concealed by plaster (Fig. 2.9). On the exterior, the rubble 
core is clad in serpentine veneer stone of varying thickness. Units vary from 2-3 inches to 
approximately 8 inches thick where structural bonding is required like around the windows. 
Total wall thickness inclusive of the veneer stone, rubble core, and plaster was measured on 
the east elevation and recorded at 20 inches by Keast & Hood.63 
A lime mortar or most likely hydraulic lime or natural cement was used to attach 
the veneer stone and it was not anchored or keyed into the backup rubble wall. The lack of 
sufficient anchoring depth appears to have led to the failure of the veneer system and the 
serpentine detaching from the building as water has entered from deferred maintenance 
of the exterior over the years. Large areas of missing veneer stone are visible on the 
building, especially on the north and east elevations. The building is a load-bearing masonry 
structure; therefore its loss of veneer and exposure of the rubble core poses the greatest 
threat to public safety and the preservation of this significant building.
2.5.2 Cement Stucco
Sections of the exterior serpentine veneer have lost unit integrity as a result of 
natural weathering and the application of an impervious cement stucco repair over portions 
of the stone. The cement stucco was colored and patterned to look like square cut green 
ashlar stone with raised joints. The current church owner identified that the vibrant green 
stucco coating was applied to the building envelope in 1949. By 1969 the church had 
applied for a zoning permit to repair the existing stucco of the church with wire lath and two 
coats of plaster cement.64 Based on historic photographs, we can pinpoint that the stucco on 
the façade of the building was fully intact in the 1980s.65 Therefore, it is believed the stucco 
63 Building Conservation Associates, “19th Street Baptist Church – Recommendations for Stabiliza-
tion,” (unpublished report, October 20, 2011), PDF file.
64 Sheehan, “Preservation and Urban Religious Institutions,” 94.
65 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 186.
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began to deteriorate sometime between 1969 and 1984, becoming increasingly worse as the 
years have continued. 
As per a discussion with the current owner, it is understood that the stucco coating 
was applied to the building in order to create a uniform exterior appearance for the 
deteriorated stone building. The serpentine stone may have showed signs of deterioration 
while the Episcopalians still held ownership of the church and this could be one of the 
contributing factors in the decision to sell the church to the Baptists in 1944. The current 
exposed serpentine surface shows that the stone loss was already extreme before the 
cementitious stucco covering was added.66 The cement stucco continues to pose a safety 
hazard for parishioners, pedestrians, and the building itself. It is pulling away from the wall 
in many places as it has lost adhesion to the serpentine surface and falls off the building in 
large fragments. When the cement stucco coating was initially applied it is possible the loose 
stone material was not removed sufficiently to provide a good bond surface. A few nails 
driven through the cement stucco into the stone wall were used to secure the new veneer.67 
The weight of the cement stucco without proper anchoring may have also contributed to 
it pulling away from the wall. The lack of damaging anchoring or a scored stone surface 
enables preservation of the existing stone providing its loss of strength can be addressed 
through consolidation.
The application of the stucco finish directly to the serpentine exacerbated the 
damage to the original stone. Water intrusion, which will be discussed in the roof section, 
continuously penetrated into the wall becoming trapped within the serpentine behind the 
low-porosity/ low permeability cement stucco, which prevented drying of the stone and 
masonry wall. This accelerated the deterioration of the stone and further loosened the 
minimal bond between the serpentine and the stucco. Large and small patches of stucco 
still remain on the wall and the building has had many patching campaigns using composite 
patching material and mortar to account for immediate areas of loss.
66 Meierding, “Weathering of Serpentine Stone Buildings,” 24.
67 Michael Stern, “Preliminary Repair Plan: Nineteenth Street Baptist Church,” Historic Religious 
Properties Program, Philadelphia Historic Preservation Corporation, November 9, 1993.
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2.5.3 Roof and Gutters
It would be remiss not to discuss the issues with the roof and gutter system that 
have led to water infiltration into the building. Damage to the building has been complicated 
by alterations to the roof, roofing material failure, poor drainage, downspout failure, and 
missing gutter systems. These issues have allowed water to enter the building envelope 
and have aided in the deterioration of the serpentine, microflora and vegetative growth, 
mortar loss, and displacement of the cement stucco and interior plaster. Water penetration 
problems occur along the perimeter walls directly joined to the roof, where the chapel roof 
meets the side of the tower, and at the tower roof. Missing gutters and downspouts and 
clogged drains have allowed water to infiltrate the walls. 
The slate roofs were replaced with asphalt shingle roofs at some time, although the 
date is unknown. Over the years the asphalt roof developed holes and partially collapsed. In 
August 2011, rainwater from Hurricane Irene displaced many veneer stones and destroyed 
portions of the asphalt roof (Fig. 2.11). After the hurricane in 2011, the National Trust for 
Figure 2.10. Portion of the cement stucco applied to the serpentine stone veneer, 
2013. (K. Brown)
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Historic Preservation gave the church a $1,500 emergency grant to fund immediate roof 
repairs and help prevent water from further damaging the building interior. Corrugated 
metal sheeting was applied over the collapsed areas and new gutters were installed. This is 
one of many attempts to create makeshift repairs and minimize further building damage.
2.6 Conditions Survey 
A conditions survey was conducted on the serpentine stone to categorize issues and 
gain an understanding of the degree of deterioration. The serpentine stone is exhibiting 
deterioration in the form of surface loss, exfoliation, and dimensional loss due to extreme 
differential weathering. In many areas the stone is so friable it crumbles under finger 
pressure. The serpentine units are often wet to the touch, indicating high moisture content 
in the masonry wall. Efflorescence is seasonally visible. Serpentine conditions were 
recorded for the chapel’s west elevation (19th Street) and the chapel’s north elevation (Titan 
Figure 2.11. View of the collapsed roof from the interior, 2011. (P. Woodall for Hidden City 
Philadelphia)
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Street). The conditions survey identified the following symptomatic conditions: surface 
weathering, dimensional loss < 1 ½”, dimensional loss >1 ½”, exposed rubble core, missing 
rubble core, and exfoliation for all of the serpentine stone. 
Surface weathering is defined by large areas of coarse texture, localized loss or 
reduction of surface details. Two levels of surface loss were categorized as less than 1½ 
inches and greater than 1½ inches in depth and appeared on the building as distinctive 
localized or overall areas of stepped differential surface loss associated with cracks and 
foliation. Exfoliation of the surface is evident as the disaggregation of individual grains and/
or shallow flakes that dislodge under finger pressure. In some areas there is exposed or 
missing rubble core due to loss of the exterior veneer stone. The degree of serpentine block 
weathering varies widely between adjacent stones in a wall due to extreme textural and 
compositional variations. Serpentine deterioration is enhanced where rainwater collects 
and flows such as windows and areas with channeled runoff. The full conditions survey can 
be found in the Appexdix A.
2.7 Comparables
Within the Philadelphia city limits a few serpentine buildings still remain. In 1932, 
“many” serpentine buildings and residences in Philadelphia were reported, although 
today there are far less.68 Three buildings were surveyed to provide comparable stone 
deterioration observations between the 19th Street Baptist Church and other serpentine 
buildings in Philadelphia. The three buildings observed were College Hall at the University 
of Pennsylvania in West Philadelphia, the University Barge Club on Boathouse Row in 
Fairmount Park, and 107 South 21st Street in Center City. The chosen buildings were some of 
the only serpentine buildings able to be located within the city and provided a cross section 
of locations and uses. It is important to note that serpentine buildings outside of the city, 
particularly in Chester County exhibit far less deterioration than those within Philadelphia.
68 R.W. Stone, “Building Stones of Pennsylvania,” Pennsylvania Geological Survey Bulletin M15 (1932), 
316.
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2.7.1 College Hall, University of Pennsylvania
The University of Pennsylvania was established in 1740 and in 1875 it relocated 
to another campus where it currently sits in West Philadelphia (Fig. 2.12).69 College Hall 
was designed by Thomas Webb Richards and in 1873 in the academic Gothic style and 
it is the oldest building on the West Philadelphia campus. The building was constructed 
using rectilinear coursed ashlar serpentine stone from Brinton’s Quarry in West Chester, 
Pennsylvania. College Hall was “accented with a silvery-gray schist, purple and yellow 
sandstones, and with multicolored (red and blue) slates on the roof and towers.”70 It had 
a mansard roof with wooden dormers. Three other serpentine buildings were designed 
and built on campus using the same color and material palette, the new University of 
Pennsylvania Medical School (now Logan Hall), the new Hospital of the University of 
Pennsylvania (since demolished), and the Robert Hare Laboratory (since demolished).71 
College Hall is on the National Register of Historic Places and is a contributing member of 
the University of Pennsylvania Campus Historic District.
The serpentine stone on the building has continuously suffered from deterioration 
problems. In 1914 and 1929, towers that were once on the building had to be dismantled 
due to structural deterioration. There have been repeated repair campaigns using patching 
materials and eventually precast stone replacements. The majority of the serpentine 
was replaced with anchored precast stone during numerous massive repair campaigns 
from 1986 to 2001.72 The northwest wing of the building retains some highly weathered 
serpentine blocks on the front elevation as original material. It exhibits the same 
deterioration phenomena on the 19th Street Baptist Church. Original crusts remain on some 
of the stones and the serpentine exhibits exfoliation and surface weathering.
69 M. Laffitte Vieira, West Philadelphia Illustrated, (Philadelphia: Avil Printing Company, 1903), 146.
70 George E. Thomas, The Campus Guide: University of Pennsylvania, (New York: Princeton Architec-
tural Press, 2002), 10.
71 Ibid., 11.
72 Marianna Thomas (owner of Marianna Thomas Architects), in discussion with the author, April 
2013. 
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2.7.2 University Barge Club of Philadelphia
The University Barge Club is a rowing club located at #7 Boathouse Row (Fig. 2.13). 
University Barge Club is listed on the National Register of Historic Places and is designated 
a National Historic Landmark as a contributing property of Boathouse Row. Ten members 
of the University of Pennsylvania’s freshman class established the club in 1854.73 The 
serpentine boathouse was designed and constructed in 1871 by an unknown architect and 
was expanded in 1891. While many of the University Barge Club’s members are University 
of Pennsylvania graduates, since 1871 when the boathouse was built the club has not 
had an affiliation with the University. The University of Pennsylvania students formed the 
College Boat Club in 1872. Originally the building was a symmetrical, neo-Gothic, two-bay 
structure constructed of green serpentine stone with a slate mansard roof.74 It was called 
a “miniature version of College Hall” at the University of Pennsylvania, as they were both 
73 University Barge Club, “Thomas Eakins Head of the Schuylkill Regatta 2011 Program,” 16-17.
74 Ibid.
Figure 2.12. College Hall at the University of Pennsylvania, Philadelphia, PA, 2013. (K. 
Brown)
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built of serpentine stone.75 Further down the row at #13 Boathouse Row, Frank Furness had 
designed and built the Undine Barge Club in 1883. Louis C. Baker and E. James Dallet were 
young associate architects for Furness from 1886 until 1889 when they left to establish 
their own firm.76 In 1891, the University Barge Club hired the architectural firm Baker and 
Dallet to design an expansion to the existing boathouse.77 The serpentine boathouse was 
turned into a “shingle style” building with elaborate woodwork, high chimneys, decorative 
terra cotta ornamentation, and a high-pitched roof that replaced the mansard roof. The 
addition completed in 1892 increased the number of bays form two to four and afforded 
room for lockers and socializing rooms. No additional construction using serpentine stone 
was completed.
In 2004 the club established the UBC 1871 Foundation, a 501(c)3 organization 
to raise funds for preservation of the boathouse and oversee maintenance, repair, and 
improvements.78 The boathouse has random rough-hewn green serpentine stone on the first 
story and a wood framed upper story with wooden shingle that exhibit extreme biological 
growth. The building has decorative limestone quoins and arches over the windows and bay 
doors. The serpentine stone on the boathouse exhibits similar deterioration patterns to the 
serpentine on the 19th Street Baptist Church. It is unknown if the stone was quarried form 
the same quarry as the church, but it is possible based upon the boathouse’s connection 
with the University of Pennsylvania. The serpentine has more intact visible crusts on the 
surface of the stone. The stone is stable and in generally good condition on the lower half 
of the building while the stone near the roofline exhibits severe deterioration and has been 
noticeably patched with mortar. The building has been repointed on several occasions. 
Efflorescence is visible on the stone surface and some serpentine stones exhibit surface 
weathering and dimensional loss. The stone does not exhibit exfoliation as seen on the 19th 
Street Baptist Church.
75 Ibid.
76 Cohen, Lewis, and Thomas, Frank Furness: The Complete Works, 86.
77 University Barge Club, “Head of the Schuylkill Regatta Program,” 16-17.
78 University Barge Club, “1871 Foundation,” accessed April 1, 2013, http://ubc1871.
wordpress.com/1871-foundation/.
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2.7.3 107 South 21st Street
The rowhouse at 107 South 21st Street sits in the center of a block of six rowhouses. 
It is a four-story rectilinear coursed ashlar serpentine building with arched windows and a 
slate mansard roof (Fig. 2.14). There is white marble trim around the windows and doors 
with decorative keystones. The base of the building below the first floor is white marble 
as well as the beltcourses, quoins, and stairs. The building is currently divided into five 
apartment units and is owned by a private company. The building at 107 South 21st Street 
is the only building on the row that retains its original stone appearance. The other five 
rowhouses have been covered with scored cement stucco of various colors ranging from 
white to medium brown. The other design details on these six rowhouses remain exactly 
the same. Missing stucco on one of the buildings allows us to see serpentine stone hiding 
beneath the cement stucco on the façade.. The buildings on the end of the row have brick on 
the sides, showing that the serpentine was a main elevation veneer stone.
The serpentine on the building is in remarkably good condition, the best of all the 
Figure 2.13. University Barge Club of Philadelphia on Boathouse Row, Philadelphia, PA, 
2013. (K. Brown)
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serpentine buildings surveyed. It is unknown if the stone was quarried form the same 
quarry as the church. The stone shows no signs of exfoliation or surface crusts and only 
minimal signs of moisture, efflorescence, and dimensional loss. The mortar joints between 
the stone are very small and compact. The serpentine is evenly tooled across the entire 
façade. Nothing is known about the history of this building, but based upon its size and the 
quality of materials used in its construction, 107 South 21st Street was probably built for a 
wealthy client and was a very fashionable rowhouse.
Figure 2.14. 107 South 21st Street, Philadelphia, PA, 2013. (K. 
Brown)
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CHAPTER 3: GEOLOGY AND QUARRYING
3.1 Pennsylvania and Chester County
The majority of the rocks found in Pennsylvania were deposited during the Paleozoic 
Era and almost all of the igneous and metamorphic rocks are confined to the southeastern 
portion of the state. Chester County, Pennsylvania is located in the Piedmont Upland Section 
of the geologic Piedmont Physiographic Province.79 It is a belt of ancient metamorphosed 
rocks that persists from Pennsylvania and New Jersey down to Alabama. The area of 
importance for this thesis is a 160 mile long by 50 mile wide portion of the province located 
in southeastern Pennsylvania, Maryland, and Delaware. This province includes York, 
Lancaster, and Delaware counties in Pennsylvania. The Piedmont Uplands have a typography 
of broad, rounded to flat-topped gently rolling hills and shallow valleys with low to 
moderate relief. The geologic structure is extremely complex, folded, and faulted. Elevation 
ranges from 100 feet to 1,200 feet, but generally falls between 400 feet and 600 feet.80 
Rocks that underlie the province include schist, gneiss, quartzite, marble, and 
saprolite, which make up the Glenarm series of the early Paleozoic Era.81 Within the 
Piedmont Uplands, bodies of serpentine sit elongated and comfortable between surrounding 
rock types like chromite, magnetite, talc, soapstone, asbestos, magnesite, feldspar, and 
corundum. Southwestern Chester County has numerous small oval or narrow elongated 
serpentine outcrops. Outstanding geological features in this area include serpentine 
barrens, named after the rare rock formation that lies just beneath the soil.82 Areas 
underlain by serpentine outcrops contrast markedly with the fertile farmland and green 
rolling hills in other parts of the province.83 The term “serpentine barrens” was derived 
79 Bureau of Topographic and Geologic Survey. “Landforms of Pennsylvania From Map 13, Physio-
graphic Provinces of Pennsylvania.” Commonwealth of Pennsylvania Department of Conservation and 
Natural Resources (2000).
80 Ibid. 
81 Nancy C. Pearre and Allen V. Heyl, Jr., “Chromite and Other Mineral Deposits in Serpentine Rocks 
Of the Piedmont Upland Maryland, Pennsylvania, And Delaware,” Geological Survey Bulletin 1082-K 
(1960): 707.
82 Bureau of Topographic and Geologic Survey, “Landforms of Pennsylvania.” 
83 Pearre and Heyl, “Chromite and Other Mineral Deposits,” 710.
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from the uncultivated desert-like growing habitat found on bare serpentine rock and 
gravel.84 Serpentine soils are low in essential nutrients and very high in metals (chromium 
and nickel) toxic to many plants, which is why only a few unusual species specially adapted 
to withstand heat and drought are able to grow. Grasses, scrub pines, cedars, and green 
brier thrive on the barrens.85 About 30 miles southwest of the West Chester Barrens, the 
Nottingham Serpentine Barrens on the state line in Chester County, Pennsylvania and 
Maryland are the largest occurrence of serpentine barrens in the world.
Serpentine has a wide distribution throughout the British Isles, Europe, Asia, and 
Africa as well. In the United States besides in Pennsylvania, serpentine belts can be found in 
Maine, Vermont, Massachusetts, New York, New Jersey, Delaware, Virginia, North Carolina, 
and Georgia extending down to Alabama. There are scattered areas of serpentine in Texas, 
Minnesota, Colorado, Washington, Oregon, and California.86 
 
3.2 Serpentine (Serpentinite)
Serpentine is a mineral group with the general formula (MgFe)3Si2O5(OH)4, 
while serpentinite is a rock formed principally from serpentine minerals.87 However, the 
mineral and the rock are usually both referred to as serpentine. Serpentine is a uniquely 
green, hydrous magnesium silicate metamorphic rock with a variable composition 
between quarries, belts, and locations.88 It is a secondary product formed in the zone of 
katamorphism, metamorphism that occurs at or near the earth’s surface, breaking down 
complex minerals into simpler ones.89 It is developed by the alteration of non-aluminous, 
ferro-magnesian silicates. An entire rock mass may be exclusively composed of serpentine 
or may contain original mineral deposits from which the serpentine was derived. 
84 Ibid.
85 Ibid.
86 Anna I. Jonas, “Serpentines in the Neighborhood of Philadelphia,” The American Geologist, Vol. 
XXXVI, no. 5 (1905): 297-301.
87 Kevin T. Dann, Traces on the Appalachians: A Natural History of Serpentine in Eastern North Ameri-
ca, (New Brunswick: Rutgers University Press, 1988), 140.
88 Theodore D. Rand, “Notes on the Geology of Southeastern Pennsylvania,” Proceedings of the Acad-
emy of Natural Sciences of Philadelphia, vol. 52 (1900): 303-304.
89 Anna I. Jonas, “Serpentines in the Neighborhood of Philadelphia,” 296.
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During the Cambrian and early Octavian time periods (600 to 450 million years 
ago) fine-grained sediments accumulated in the deepest parts of marine basins and on 
continental shelves.90  The deep marine sediments that settled composed the Glenarm 
series of the early Paleozoic Era. During the late Octavian period, there was a movement of 
mountainous uplift (Taconic Orogeny) and the sediments that had accumulated in the basin 
were metamorphosed and folded into a variety of rocks including schist, gneiss, quartzite, 
marble, and saprolite.91 During the metamorphism, there were also intrusions of a variety 
of igneous rocks and long narrow bands of the ultramafic rocks pyroxenite and peridotite. 
Ultramafic implies that a rock contains more than seventy percent ferro-magnesian (iron 
and magnesium) containing minerals.92
Ultramafic igneous rocks are altered near the sea floor and fold mountains. These 
igneous rocks are principally composed of one or more of the magnesium-iron silicate 
minerals olivine, pyroxene, and amphibole.93 These ultramafic igneous rocks, originally 
dunite, pyroxenite, and peridotite, intruded the underlying rocks and partially altered them 
into serpentine and talc.94 A rock consisting primarily of olivine is called a dunite. A rock 
composed primarily of pyroxene is called a pyroxenite. A rock containing both olivine and 
pyroxenite is called a peridotite. Originating as magma from deep within the earth’s crust, 
ultramafic rocks (like the intrusive mafic igneous rock, gabbro) were squeezed upward 
through a sea floor fracture zone into the central axis zone of a folded belt, and subsequently 
deformed due to serpentization and other alterations.95
The middle Paleozoic period of mountain building produced metamorphic 
conditions under which the ultramafic intrusions and serpentization occurred.96 
Serpentization is the formation of serpentine from preexisting ferro-magnesian or 
90 Carlos Alberto Ayala Nunez, Michael William Groman, and Stephen Frederick Nieman, “An Ecologi-
cal Study and Plan of The Nottingham Serpentine Barrens of Chester County, Pennsylvania,” (master’s 
thesis, UPenn, 1982), 12.
91 Ibid.
92 Dann, Traces on the Appalachians, 3.
93 Pearre and Heyl, “Chromite and Other Mineral Deposits,” 712.
94 Ibid., 710.
95 Ibid., 8.
96 Carlos Alberto Ayala Nunez, et al., “An Ecological Study,” 13.
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magnesian minerals by hydrothermal solutions.97 Other hydrous magnesium silicates also 
occur with serpentine. The ultramafic rocks that occur in the Piedmont Upland sections 
have been subjected to the complex process of serpentization and therefore partially or 
entirely altered from their original composition.98
The particular composition of Southeastern Pennsylvania serpentine is due to the 
alteration of igneous rocks and adjacent gneiss, either peridotites or pyroxenites, whose 
original constituents were olivine or pyroxene, which have been altered.99 They form as 
densely massive and extremely fine-grained and the physical characteristics of serpentine 
are modified by the presence of associated minerals. Feldspar may be present as well, in 
a minor capacity and asbestos is an associate of serpentine.100 The texture of serpentine 
depends on the mineral from which it was derived; serpentine formed by the hydration of 
olivine or a pryoxene is massive and serpentine formed by the alteration of an amphibole is 
fibrous.101 Therefore the stone in Chester County, Pennsylvania is decidedly massive.
3.3 Brinton’s Quarry
Numerous successful serpentine-quarrying operations flourished in the late 1800s 
through the early 1900s. The serpentine stone found at the 19th Street Baptist Church was 
thought to be from Brinton’s Quarry due to size and notoriety of the project.102 Brinton’s 
Quarry is located in Westtown Township, Chester County, Pennsylvania. Reports state that 
between 1730 and the year 1883, an estimated 500,000 cubic yards of serpentine, or “green 
stone” as it was called, was quarried.103  The quarry, a lenticular outcrop that included three 
quarry pits (west quarry, east quarry, and open quarry), was owned and operated by Joseph 
H. Brinton beginning in 1869 (Fig. 3.1).104 
97 George T. Faust and Joseph J. Fahey, “The Serpentine Group Minerals,” Geological Survey Bulletin 
1082-K (1960): 710.
98 Pearre and Heyl, “Chromite and Other Mineral Deposits,” 712.
99 Theodore D. Rand, “Geology of Southeastern Pennsylvania,” 305.
100 Frazer, “Report of Progress – F. Serpentine,” 350.
101 Anna I. Jonas, “Serpentines in the Neighborhood of Philadelphia,” 296.
102 Department of the Interior Census Office, “Building Stones of the United States and Statistics of 
the Quarry Industry for 1880,” Washington: Government Printing Office, 1884.
103 Frazer, “Report of Progress – F. Serpentine,” 63.
104 Ronald A. Sloto, The Mines and Minerals of Chester County, Pennsylvania, Lexington: 2009.
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Brinton’s Quarry was one of the most famous quarries and mineralogical locations 
for serpentine rock (Fig. 3.2).105 The quarry was also a famous location for the production 
of jefferisite and clinochlore crystals. Brinton’s quarry was located in Westtown Township, 
three miles south of West Chester, along Birmingham Road (South New Street) and Street 
Road. Throughout the years of operation the quarry was known by many names including 
The Brinton Green Stone Co., Brinton Stone Company, The Brinton Serpentine Quarries, Jos. 
H. Brinton Serpentine Green Stone Quarries, and Birmingham Serpentine Stone Quarries.106 
105 Hugh E. McKinstry, “The Minerals of Brinton’s Quarry, Chester County, PA,” The American Miner-
alogist (1963): 57-62.
106 Return label for “Jos. H. Brinton Serpentine Green Stone Quarries, Thornbury P.O., Chester Co., 
Pa.,” Chester County Historical Society, 30 March 2013.
Figure 3.1. Joseph H. Brinton (left) standing in his 
serpentine quarry, c. 1905. (Chester County Historical 
Society, West Chester, PA)
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The stone was often known as Birmingham Serpentine Stone, named after the nearby 
Friends Meetinghouse of Birmingham that was partially constructed of serpentine.107  
The quarry covered about an acre of ground and had exposed faces up to 40 feet 
high.108 It was said to have been the only quarry in the country to produce serpentine 
stone in a marketable quantity.109 The largest block of serpentine ever quarried was 3 feet 
square by 16 feet long.110 The serpentine deposits in West Chester have many features both 
geological and mineralogical which mark it distinctively from all others. Serpentine quarried 
107 Newspaper article titled “Satisfactorily Answered.,” 20 September 1873, Chester County Histori-
cal Society, 30 March 2013.
108 Frazer, “Report of Progress – F. Serpentine,” 229.
109 Advertisement for “Pennsylvania Green Stone or Serpentine,” Chester County Historical Society, 
30 March 2013.
110 Frazer, “Report of Progress – F. Serpentine,” 64.
Figure 3.2. Serpentine Quarry of Joseph H. Brinton, date unknown. (Chester County Historical 
Society, West Chester, PA)
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at Brinton’s quarry was described as being a pale green color, uniform in texture, massive, 
and free of quartz.111 The quarry had an abundance of mica, dewylite, talc, magnesite, 
magnetite, feldspar, muscovite, jefferisite, and tourmaline in varying degrees.112 
Serpentine minerals bronzite, chromite, and magnetite are irregularly distributed 
throughout the serpentine. Minerals concentrated along fractures in the serpentine include 
chlorite, vermiculite, feldspar, quartz, beryl, and tourmaline.113 It was reported in the Journal 
of the American Mineralogical Society of America that there might have been the unique 
occurrence of amethyst quartz and druzy quartz in the serpentine based upon a specimen 
collected by Joseph Brinton from his quarry.114 A specimen collection, held by The Quarry 
Swimming Association, contains mineral samples collected within the quarry and shows 
material evidence of muscovite, vermiculite, talc, chromite, phlogopite, hematite nodules, 
picrolite, tourmaline granite, and chlorite. Vermiculite and chlorite are the result of a 
chemical reaction between the silica-rich heated solutions that formed quartz-feldspar dikes 
and minerals present in the serpentine.115
A diagram sketch of the serpentine quarry drawn by Joseph Brinton shows a 
central granite dyke containing oligoclase, beryl, tourmaline, etc., flanked on the sides by 
chlorite and phlogopite, jefferisite, chlorite, etc. (Fig. 3.3). Beyond that, bands of steatite and 
asbestos, and then black serpentine containing magnetite, garnet, bronzite, etc. Stemming 
perpendicularly off of the black serpentine are bands of green serpentine. In 1882, Brinton 
stated in a letter that within his quarry there was “a great variety of the serpentine, as it 
never is alike in any two locations, either in color or composition.”116 He also said that the 
serpentine at his quarry was “more compact and uniform than any other that [he knew] of.”
Adjacent to serpentine areas, there are often outcrops of feldspar. Within the 
serpentine outcrop at Brinton’s quarry it was reported there was a huge mass or dyke of 
111 Theodore D. Rand, “Geology of Southeastern Pennsylvania,” 312.
112 Newspaper article describing Brinton’s Quarry, Chester County Daily Local News, February 7, 
1973.
113 Davis M. Lapham and Alan R. Geyer, “Mineral Collecting in Pennsylvania,” Pennsylvania Geological 
Survey Bulletin G 33 (1959): 30.
114 Hugh E. McKinstry, “Amathyst Quartz in Serpentine,” ed. Edgar T. Wherry, The American Mineralo-
gist, vol. 5 (1920): 37.
115 Lapham and Geyer, “Mineral Collecting in Pennsylvania,” 30.
116 Frazer, “Report of Progress – F. Serpentine,” 300.
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plagioclastic feldspathic rock with tourmaline and a little quartz.117 Nearby the serpentine 
outcrop to the southeast was spangled gneiss observed in thin beds. To the north of the 
serpentine was a narrow selvage of decomposing chloritic rock, schistose gneiss, and 
abundant feldspar. There was also a vein or dyke of feldspathic granite of which the mica, 
which was most likely originally biotite, is now jefferisite.118 East of the quarry a few trivial 
serpentine outcrops occur. Serpentine remnants are present in the soil within two miles of 
the quarry. 
By the 1870s, serpentine was in high demand as a building material in West Chester 
and major cities including Philadelphia, New York, Washington, Baltimore, and Chicago.119  
It began to replace brownstone and brick as a popular building material. The stone proved 
to be so popular and unique in 1892 the Pennsylvania Board of World’s Fair Managers 
requested pieces of stone to display at the State Fair Exhibit at the World’s Columbian 
117 Theodore D. Rand, “Geology of Southeastern Pennsylvania,” 313.
118 Ibid.
119 Ibid.
Figure 3.3. Diagram Sketch of the Serpentine Quarry in Westtown Chester County, Pa. as drawn by 
Joseph H. Brinton to explain his views, 1883. (Frazer, “Report of Progress – F. Serpentine,” 214).
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Exposition in Chicago.120 Advertisements from the era describe the serpentine stone as 
“strikingly beautiful” and a “durable building material.”121 It was acclaimed for being well 
adapted for architectural use and was described as having a “pleasing effect when newly 
built into walls…[with] a quiet tone of grayish green.”122  Exposure throughout the seasons 
caused the stone to fade in color. Thomas Webb Richards, the architect for the University 
of Pennsylvania’s Building for the Department of Arts and Sciences, declared in 1879 that 
“[serpentine was] frost and fireproof, and [showed] no indications of crumbling.”123 The 
Pennsylvania Geological Survey of 1883 describes serpentine as “superior to marble” in 
terms of erosion and decay, no doubt a major selling point for this unique green stone.124 
The rock was quarried first by hand and later by steam mill, with horse and hand 
derricks to hoist the stone, and sawing machinery to cut the stone to sizes less then six feet 
before shipping.125 Brinton was an innovator in the art of stone cutting by machinery, which 
afforded him quick stone quarrying and production.126 The stone was reported as being soft 
when first quarried, and rapidly hardening upon expose over a year’s time until it was “a 
difficult to cut as many sandstones.”127 Its relative softness made cutting and dressing the 
stone easier.128 When used as a building stone, serpentine had certain limitations. Quarrying 
the stone for use as dressed building stone or for carved decorative purposes was difficult 
due to the natural joints in the stone and its inclination to break or spall.129 Serpentine 
was used for “face work” on buildings because large sized blocks could not usually be 
quarried.130 This explains why the serpentine at the 19th Street Baptist Church is used only 
120 Louis E. Reber to Joseph H. Brinton, Esq., October 25, 1892, Chester County Historical Society, 
West Chester, PA.
121 Advertisement for “Pennsylvania Green Stone or Serpentine,” Chester County Historical Society, 
30 March 2013.
122 Frazer, “Report of Progress – F. Serpentine,” 88.
123 “3332 Chestnut St., Philadelphia, Pa,” West Chester Local News, April 4, 1879, Chester County 
Historical Society, West Chester, PA.
124 Bureau of Topographic and Geologic Survey, “Landforms of Pennsylvania.”
125 Advertisement for “Pennsylvania Green Stone or Serpentine,” Chester County Historical Society, 
30 March 2013.
126 Newspaper article from March 24, 1874, Chester County Historical Society, 30 March 2013.
127 Ibid.
128 Theodore D. Rand, “Geology of Southeastern Pennsylvania,” 312-313.
129 Pearre and Heyl, “Chromite and Other Mineral Deposits,” 724.
130 WM. C. Lewis to Jos. H. Brinton, Esq., January 17, 1893, Chester County Historical Society, West 
Chester, PA.
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as ashlar and polygonal veneer cladding with a rubble masonry core, rather than as load 
bearing masonry.
The quarry sold the stone sawn, ax-hammered, bush hammered, or chiseled.131 The 
stone was sold at a cost ranging from 20 cents per ton to $4.00 per ton depending on the 
quality of the stone and how it was dressed.132 After quarrying, the stone was transported 
3 miles by wagon to railways, and shipped to locations. Significant buildings in and around 
Philadelphia that were constructed using serpentine included the 19th Street Baptist Church, 
Academy of Natural Sciences (now refaced), Wilmington, Delaware Courthouse, buildings at 
the University of Pennsylvania, and buildings at the West Chester State Normal School (now 
West Chester University), as well as “thousands of private residences” and “one hundred 
churches.”133
Brinton’s building stone was advertised as “quarried stone always on hand, ready 
for delivery.”134 The most active period for the quarry was between 1870 and 1880 at which 
time up to 60 men were employed.135 A fire in 1888 destroyed a large amount of machinery 
used for quarrying and the dewatering pumps, causing the quarry to fill with 60 feet of 
water. Around the same time, the demand for serpentine stone began to wane due to other 
stone being marketed at a cheaper cost. 136 Finally, there were not enough orders to pay for 
the work necessary to run the quarry. Around 1900 the west quarry was allowed to fill with 
natural spring water and was turned into one of the most popular swimming holes in West 
Chester. The open quarry was reopened for quarrying operations in 1906.137 The swim club 
leased the quarry from the Brinton family until 1960, when 140 families bought the west 
quarry for $100 each (Fig. 3.4).138 
131 Frazer, “Report of Progress – F. Serpentine,” 64.
132 Newspaper advertisement for “Building Stone, The Brinton Serpentine Quarries, West Chester, 
PA,” Chester County Historical Society, 30 March 2013.
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30 March 2013.
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In 1962 the quarry became incorporated as an official private swim club, The Quarry 
Swimming Association, under the Pennsylvania Department of Health. It is registered as 
an official bathing beach under the United States Environmental Protection Agency. The 
swimming hole remained popular through the 1970s and is still in operation today with 
a fully active membership (Fig. 3.5). 139 The Robinson family, who own the farm across the 
street from the quarry, held ownership of the east quarry, open quarry, and adjacent land 
until 2010 when they gave the east and open quarries to The Quarry Swimming Association 
(Fig. 3.6-3.7).140 
April 2013. 
139 Robert W. Fowler, “Swimming in Hole Where Old Main’s Stones Once Were,” The Sunday Inquirer, 
July 4, 1971.
140 Ibid.
Figure 3.4. The Quarry Swim Club in its early years, c. 1912. (Chester County Historical 
Society, West Chester, PA)
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Two major rockslides have been reported in the west quarry over the last 60 years 
(Fig. 3.9). One of the rockslides in 2012 left an abundance of serpentine stone rockfall 
lying on the side of the quarry (Fig. 3.8). Remnants of an old stone barge that was used to 
transport the stone during quarrying operations sits at the bottom of the swimming hole 
and one of the wooden derricks floats on top of the water. The serpentine barrens that 
surround the quarry are abundant with Mountain Pink flora in the springtime (Fig. 3.10).
Figure 3.5. View of the west quarry (main quarry) and swimming hole, 2013. (K. Brown)
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Figure 3.6. View of the east quarry (second quarry), 2013. (K. Brown)
Figure 3.7. View of the open quarry (third quarry), 2013. (K. Brown)
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Figure 3.8. Remnants of the 2012 rockslide, 2013. (K. Brown)
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Figure 3.9. Remnants from a rockslide at the main quarry, 2013. (K. Brown)
Figure 3.10. Serpentine barrens at Brinton’s Quarry, 2013. (K. Brown)
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CHAPTER 4: LITERATURE REVIEW
4.1 Introduction
The exposure of architectural stone to the environment sometimes leads to decay 
and damage of the material. The deterioration process has a physical-chemical effect on 
the stone that causes irreplaceable surface and dimensional loss to the stone fabric and 
structure. Mitigation of this deterioration and protection from future loss is necessary to 
preserve historic structures. 
Stone with extensive surface loss can be reinforced using consolidants to slow 
weathering and deterioration while attempting to restore inter-granular cohesion of the 
stone. Consolidation should be performed when the degree of deterioration threatens the 
integrity of the material. Intrinsic deficiencies within the stone require the deposition of 
new material, in the form of a polymeric compound (consolidant), into the pores of the 
stone. This new material penetrates through the deteriorated stone substrate and re-
establishes inter-granular cohesive strength without altering physical appearance or other 
properties. Consolidants can be divided into four groups, inorganic, alkoxysilanes, synthetic 
organic polymers, and waxes. For the purpose of this thesis, alkoxysilanes will primarily be 
discussed.
4.2 History and Development of Consolidants
The practice of stone consolidation can be dated as far back at the first century BC 
when wax was used to impregnate stone to preserve masonry. Locally available consolidants 
were used until the 19th century. Other early methods of consolidation involved the 
treatment of porous stone with hot linseed oil, beeswax, and limewater.141 The hot oil was 
brushed onto the stone surface initially yielded positive results, however it did not penetrate 
141 Ivana Maxová, “Changes in Properties of Stone Treated with Historical or Modern Conservation 
Agents,” (proceedings, 9th International Congress on the Conservation and Deterioration of Stone, 
June 19-24, 2000).
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deeply enough into the stone, creating no lasting protective surface barrier.142 Linseed oil 
discolored stone and was difficult to remove. 
Organic and inorganic consolidants were created and manufactured to resolve 
issues of aging and discoloration throughout the 19th and 20th centuries. Even though 
improvements were being made, newer consolidants continued to fail in the long term and 
often damaged original material. Several important alkoxysilanes were invented including 
tetraethoxysilane (TEOS), methyltriethoxysilane (MTEOS), and methyltrimethoxysilane 
(MTMOS).143  A.W. Hoffman first suggested the use of tetraethoxysilane (TEOS) or ethyl 
silicate for stone conservation in 1861.144 In the 1920s, ethyl silicates were used as an 
industrial chemical and in 1926 A. P. Laurie patented alkoxysilanes for stone consolidation 
for production.145 Throughout the years, alkoxysilanes, especially ethyl silicates have found 
widespread acceptance in conservation practice. In addition to ethyl silicates other stone 
preservation materials were being created however, they yielded less positive results.
4.3 Consolidation Treatment
 The aim of the consolidation treatment is the improvement in the cohesion of 
minerals, achievement of good adhesion between deteriorated and intact areas, and an 
increase in mechanical resistance of the consolidated stone.146 Consolidants have been used 
as treatment of weakened stone that exhibits deterioration in the form of scaling, flaking, 
spalling, and granular disintegration. The remediation of these issues and strengthening 
of the stone matrix is the goal for consolidation. Penetration of the consolidant depends 
on the porous structure of the stone, pore size distribution, chemical and physic-chemical 
properties of the consolidant solution, viscosity and surface tension of the solution, mode of 
application, and environmental conditions.147  The performance of alkoxysilanes varies from 
142 Lorenzo Lazzarini, “The Deterioration and Conservation of Stone,” ed. Richard Pieper, Notes from 
the International Venetian Courses on Stone Restoration, 248-249.
143 George Wheeler, Alkoxysilanes and the Consolidation of Stone, (Los Angeles: Getty Conservation 
Institute, 2005), 15.
144 T. B. McDonald, “Coatings, Sealers, Consolidants,” Architecture (March 1987): 78-79.
145 A.P. Laurie, Preservation of Stone. U.S. Patent 1,607,762 (1926).
146 Lazzarini, “The Deterioration and Conservation of Stone,” 280.
147 Ibid., 281.
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stone to stone. Research is lacking on the consolidation of magnesium silicate rich materials 
like serpentine. For the purpose of this study, research is focused is on the discussion of 
popular alkoxysilane consolidants and their possibilities of use on other metamorphic 
stones. 
4.4 Alkoxysilanes
Alkoxysilanes are a family of monomeric molecules that react with water to form 
silica or alkylpolysiloxane.148 Alkoxysilane-based consolidation formulations have become 
the most widely used material for the consolidation of exterior stone. They have the ability 
to penetrate deeply into porous stones as a liquid and solidify into a stable organic product 
to form siloxane bonds within the stone.149 These gels have low viscosity, which allows 
the liquid to easily penetrate the stone’s inter-granular network. Clifton notes that C. A. 
Price and H. Weber observed that alkoxysilanes could penetrate porous stone to a depth 
between 20 and 25 mm and up to 50 mm with newer forms of consolidants.150 Alkoxysilanes 
and related compounds are the most promising compounds on the market for stone 
consolidation. 
Alkoxysilanes are attractive for outdoor use due to their light stability and lack 
of discoloration through breakdown and bond reconfiguration, important for keeping 
the stone appearance and properties unchanged over time.151 Alkoxysilanes have been 
widely marketed and used due to their ease of application and success in the field. 
Included in the family of alkoxysilanes used in commercial consolidation are two silanes, 
methyltrimethoxysilane  (MTMOS) and methyl triethoxysilane, (MTEOS) and ethyl silicate 
tetraethoxysilanes (TEOS).152 Each of these three compounds creates a polymer network 
of atoms of silicon and oxide within the stone. The compounds are composed of a silicon 
148 Clifton, “NBS Technical Note 1118: Stone Consolidating Materials - A Status Report,” (National 
Bureau of Standards Institute for Applied Technology Center for Building Technology, Washington, 
DC, May 1980), 22.
149 Wheeler, Alkoxysilanes and the Consolidation of Stone, 13.
150 Ibid., 23.
151 Ibid., 13.
152 Clifton, “NBS Technical Note 1118,” 22.
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backbone with alkyl or alkoxy groups attached to the main molecule creating tetrafunctional 
alkoxysilane compounds. Silica is produced by the polymerization of a silicic acid ester.153 
To function as a consolidant compounds must have tree reactive groups and form three-
dimensional networks. 
Tri- and tetraalkoxysilanes have the advantage of having low to moderate reactivity 
to water. During hydrolysis alcohol is created as a by-product.154 The rate of reaction of 
alkoxysilanes can be increased with the addition of liquid water. The mixture of water and 
alkoxysilane will homogenize if sufficient alcohol is generated from the mixture.155 TEOS 
or tetraethoxysilane is an ethyl silicate or silicic ester and a widely used alkoxysilane. It 
has the ability to restore inter-granular cohesion. After application and penetration, TEOS 
evaporates leaving behind an ethanol by-product. Dehydration and condensation reactions 
allow the deposition of silica gel within the pores of the substrate, restoring the natural 
binder within the stone matrix.156 
A high depth of penetration is necessary to fully saturate all layers of the damaged 
stone and it is not a reversible solution. Strength, flexibility, and degree of fracture 
determine consolidant performance.157 Alkoxysilane solutions enter the inter-granular 
spaces in the stone, form a gel, and shrink.158 Once a stone is treated with an alkoxysilane, 
it will weather differently than untreated stone, but in some cases only a twenty percent 
increase in strength has been reported.159 
OH-type gels, like Conservare® OH100 produced by Prosoco in the United States or 
Wacker OH, produced in Europe, are capable of stabilizing against granular disintegration by 
filling the spaces surrounding the loose grains and preventing its movement. Conservare® 
OH100 and Wacker OH are ethyl-silicate or tetraethoxysilane based consolidants with 
153 Ibid.
154 Wheeler, Alkoxysilanes and the Consolidation of Stone, 15.
155 Ibid., 20.
156 F. Sandrolini, E. Franzoni, and B. Pigino, “Ethyl Silicate for Surface Treatment of Concrete - Part I: 
Pozzolanic Effect of Ethyl Silicate,” Cement & Concrete Composites, 306.
157 Wheeler, Alkoxysilanes and the Consolidation of Stone, 27.
158 Ibid., 46.
159 Ibid., 24.
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dibutyltindilaurate catalysts.160 Both versions contain no added solvents. Remmers from 
Germany is a silicic acid ethyl ester based consolidant.  It is capable of stabilizing weathered, 
friable, and medium-pored natural stone. 
The stone type has an influence on consolidation treatment due to the variation 
in composition and structure. Mineral composition, porosity, grain size, and shape 
affect the outcome of consolidation.161 Stones containing silicate minerals like quartz, 
albite, muscovite, calcite, and gypsum have all been successfully consolidated using 
alkoxysilanes.162 
Alkoxysilanes provide only minimum water repellency along with the consolidating 
effect, and treated surfaces may still be susceptible to water absorption through the 
atmosphere. Reapplication of the consolidant after a period of time will be required for 
continuous protection of the masonry substrate. More research needs to be done on the 
long-term effectiveness of past consolidation treatments and new treatment techniques. 
The effect of temperature, relative humidity, and the presence of salts in the consolidation 
process need to be further explored as well.
4.5 Analytical Testing Techniques
The application of a consolidant must be evaluated to determine the effects of the 
treatment on various deteriorated stone. All consolidants may be applied through total 
immersion, capillary imbibition, vacuum, brush, spray or injection. Penetration and reaction 
of the consolidant depends on the molecular size, type of hardener, solvent, application 
method, and treatment environment. When determining the success of a consolidant the 
stone after treatment and long-term performance are generally studied. There are no 
universal agreed-upon performance standards for testing consolidant treatments, but there 
are constantly used lab methods for evaluation. Minimally destructive and non-destructive 
testing offers insight into the treatments and their effectiveness. Tests may be completed 
160 Ibid., 55.
161 Ibid., 31.
162 Ibid., 39.
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in situ or in a lab, but there is no evaluation of which is more accurate. A combination of 
the two is usually performed to evaluate if a consolidant will work, if it did work, and to 
determine its effectiveness. 
Physical property tests of used to evaluate consolidation efficacy include, water 
absorption, water vapor permeability, freeze/thaw resistance, and strength by resistance 
drilling. Water absorption testing helps identify the stone’s resistance to water related 
decay and in what manner and how quickly it will absorb the consolidant. Water vapor 
transmission testing determines if the consolidant changes the water vapor transmission 
rate of the stone and thus the potential for consideration within the stone. Freeze/thaw 
cycling indirectly determines the durability of the stone before and after consolidation. 
Masonry resistance drilling measures inter-granular cohesion and depth of penetration 
of the consolidant. The resistance drill detects fluctuations that can be attributed to non-
homogeneities in the material to help quantify the rock toughness and predict the uniaxial 
compressive or flexural strength by measuring the penetration force, the penetration torque 
and the actual drill position. 
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CHAPTER 5: SAMPLE PREPARATION AND TREATMENT
5.1 Methodology
5.1.1 Identification of the Problem 
Serpentine is a hydrous magnesium silicate metamorphic stone that exhibits fair 
to poor weathering in the Philadelphia region. Field observations suggest that both the 
intrinsic geochemical nature of the stone as well as the original masonry construction 
system of the 19th Street Baptist Church have caused failure to much of the exterior 
serpentine veneer. The deterioration of the stone cladding units and their detachment from 
the structural rubble wall are the two major masonry problems undermining the survival 
of the building. In addition to these material and construction flaws, the application of an 
impermeable cement stucco repair over portions of the stone wall has exacerbated damage. 
The major deterioration of the serpentine now appears as friability and gross dimensional 
loss, as well as veneer detachment and destabilization aided by an apparent lack of 
sufficient stone anchoring into the backup rubble masonry. Improvement in stone durability 
as well as structural reattachment will be necessary to improve the overall performance of 
the exterior masonry walls.
5.1.2 Identification of the Solution and Selection of Consolidant
Visual alteration and structural damage from natural weathering is a major problem 
for many stone exteriors. Consolidation as a technique to improve a stone’s cohesive 
strength has a long and varied history. Silicic ethyl ester consolidants are currently the most 
promising and used class of chemical products and have proven successful over the years. 
Their low molecular weight and low viscosity allows deep penetration of deteriorated 
masonry surfaces and the deposition of inorganic silicon dioxide (SiO2), re-establishes inter-
granular cohesion within the stone without significant changes in porosity and permeability. 
The consolidant chosen for this study is PROSOCO Conservare® OH100. It has been used 
commercially in the United States since 1990 and has been successfully studied and 
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published. Assessment and evaluation of this consolidant on the 19th Street Baptist Church 
serpentine were determined by analyzing the depth of penetration, cohesive strength, 
improvement by resistance drilling, liquid water absorption, desorption and water vapor 
permeability, and visual changes in color, gloss, and texture. Consideration was also given to 
cost, human and environmental health, and safety issues.
5.2 Testing Program
5.2.1 Sampling
Samples for the above testing were collected from previously removed stone from 
the north and west facades and stored at the base of the building. Two large blocks were 
taken in October 2012 and transported to a facility for sample cutting. The selected samples 
were visually similar in size, color, and condition, with disaggregation and weathering on 
the original tooled surface. The stones were cut into two cohorts of 5cm cubes with cut 
faces and 1” round disks using a water jet guided saw with a diamond blade (Fig. 5.1). 
The total number of samples created for testing included fifteen cubes and ten disks. Two 
bulk samples were also collected and transported to the laboratory at the University of 
Pennsylvania for testing. A detailed list of samples used for testing can be seen in Table 5.1.
5.2.2 Preparation of Samples for Treatment
Prior to the application of the consolidant, all samples brushed clean of any surface 
residue (stone dust) with a natural bristle brush and deionized water. Samples were patted 
dry on all sides to remove excess moisture and placed in an oven to dry at 60°C. Every 24 
hours the samples were removed from the oven, placed in a desiccator to cool, and were 
weighed. The samples were removed from the oven for consolidation when they achieved a 
consistent weight. Samples were divided into their respective cohorts of 5cm cubes and 1” 
disks (Fig. 5.2-5.3). Each cohort set had a control set and a treatment set consisting of five 
samples per set. All stones were labeled with a letter to denote set and a number to denote 
the sample cohort within the set.
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Figure 5.1. Wet jet guided saw used to cut the serpentine stone, 2012. (K. Brown)
Sample	  ID Type Date	  Sampled Sampled	  By Consolidant
A1 5	  cm	  cube 2012 K.	  Brown Control	  &	  OH100
A2 5	  cm	  cube 2012 K.	  Brown Control	  &	  OH100
A3 5	  cm	  cube 2012 K.	  Brown Control	  &	  OH100
A4 5	  cm	  cube 2012 K.	  Brown Control	  &	  OH100
A5 5	  cm	  cube 2012 K.	  Brown Control	  &	  OH100
B1 5	  cm	  cube 2012 K.	  Brown OH	  100
B2 5	  cm	  cube 2012 K.	  Brown OH	  101
B3 5	  cm	  cube 2012 K.	  Brown OH	  102
B4 5	  cm	  cube 2012 K.	  Brown OH	  103
B5 5	  cm	  cube 2012 K.	  Brown OH	  104
C1 1"	  	  disk 2012 K.	  Brown Control
C2 1"	  	  disk 2012 K.	  Brown Control
C3 1"	  	  disk 2012 K.	  Brown Control
C4 1"	  	  disk 2012 K.	  Brown Control
C5 1"	  	  disk 2012 K.	  Brown Control
D1 1"	  	  disk 2012 K.	  Brown OH	  100
D2 1"	  	  disk 2012 K.	  Brown OH	  101
D3 1"	  	  disk 2012 K.	  Brown OH	  102
D4 1"	  	  disk 2012 K.	  Brown OH	  103
D5 1"	  	  disk 2012 K.	  Brown OH	  104
E1 5	  cm	  cube 2012 K.	  Brown Control
E2 5	  cm	  cube 2012 K.	  Brown Control
E3 5	  cm	  cube 2012 K.	  Brown Control
E4 5	  cm	  cube 2012 K.	  Brown Control
E5 5	  cm	  cube 2012 K.	  Brown Control
F1 Bulk 2013 K.	  Brown Control	  &	  OH100
F2 Bulk 2013 K	  .Brown Control	  &	  OH100
DETAILED	  SAMPLE	  LIST
Table 5.1. Detailed Sample List
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Figure 5.3. Sample groups C and D before consolidation, 2013. (K. Brown)
Figure 5.2. Sample groups A and B before consolidation, 2013. (K. Brown)
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5.3 Application of Consolidant
Both treatment sets within the sample cohorts (5cm cubes and 1” disks) and half 
of the bulk sample were treated with PROSOCO Conservare® OH100. A control set of five 
samples was kept for both sample shapes. Samples were placed on glass rods secured with 
laboratory tape to a plastic tray covered with an absorbent cloth. The cloth was useful 
for catching stray consolidant, and the glass rods allowed for airflow and drying around 
the entire sample. The method of consolidant application followed the manufacturer’s 
recommendations as found on the product data sheets and by the prescribed treatments 
reported in similar treatment studies. Consolidant application was completed under a 
laboratory fume hood. Butyl rubber solvent resistant gloves, splash goggles, and a lab 
coat were worn for personal protection. A 1” natural bristle brush was used to apply the 
consolidant to the surfaces of the stone. Conservare® OH100 was mixed thoroughly and 
poured into a plastic beaker for ease of application. The 1” brush was dipped into the 
consolidant and applied to the surfaces of the stone using slow and even strokes to saturate 
the surface. Conservare® OH100 was applied to all faces of the five 5cm cubes and to one 
face of the 1” disks (Fig. 5.4). 
To ensure maximum penetration and prevent crust formation, the consolidant 
was applied in cycles, each cycle consisting of three successive saturating applications. 
The saturating applications were completed at 5-15 minute intervals based upon the 
absorption rate of each stone sample and 20-60 minutes was allotted between cycles for 
the consolidant to penetrate the samples. Additional cycles were completed until excess 
material remained visible on the surface for 60 minutes following the last application. 
After the 60 minutes, the stone surface was blotted with a paper towel and immediately 
flushed with mineral spirits as recommended by the manufacturer. Flashing the surface with 
mineral spirits helps to remove excess consolidant, thus avoiding the potential for color and 
gloss alteration caused by cured surface consolidant. 
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5.3.1 Application to Disks
The circumference of the serpentine stone disks were covered in Scotch® Super 88 
Premium Vinyl Electrical Tape to prevent consolidant from dripping onto the sides and non-
treated face (bottom) of the stone and to provide a seal for the water vapor permeability 
assemblies (Fig. 5.5). During cycle 1 the room temperature was 23°C and the relative 
humidity was 27%.  
The disks absorbed the consolidant rapidly during all three applications and were 
visibly dry on the surface within 15 minutes.  After 35 minutes post cycle application 
Figure 5.4. Application of the consolidant to serepentine stone 
under a fume hood, 2013. 
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the stone disks appeared completely dry on the surface. For cycle 2 the temperature and 
relative humidity remained the same. The consolidant was not immediately absorbed and 
remained on the surface of the stone after each application. The surface stayed fully wet for 
15 minutes post application. It was spot dry on the surface 30 minutes following the last 
application and after 40 minutes was generally dry. The temperature and relative humidity 
remained the same for cycle 3 applications. The consolidant remained fully wet on the 
surface up to 40 minutes post application. It began to spot dry on the surface 50 minutes 
following the last application. For cycle 4, the temperature remained at 23°C and the 
relative humidity dropped to 25%. The stone surface remained fully saturated and pooled 
on the surface for 60 minutes following the last application of cycle 4. This was the last 
consolidation cycle completed on the serpentine disks.
Figure 5.5. Application of the consolidant to disks, 2013. (K. Brown)
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5.3.2 Application to Cubes
The consolidant was applied in cycles to one side of each serpentine stone cube until 
refusal of consolidant was apparent for that side (Fig. 5.6). The cubes were then flipped 
for application to the next side of the cube, and this process continued until all sides of 
the cubes were consolidated. All sides of the ten cubes behaved similarly in consolidant 
absorption throughout the cycles. Care in application was taken to minimalize dripping 
onto unconsolidated sides of the stone. During all cycles of the application process the room 
temperature remained between 22.3°C-22.9°C and the relative humidity between 27%-
28%. 
For cycle 1, the cubes absorbed the consolidant rapidly during all three applications 
and were visibly dry on the surface within 10 minutes. After 20 minutes post cycle 1, 
the stone cubes were completely dry on the surface. During cycle 2 the consolidant was 
immediately absorbed into the stone after each application however, the surface appeared 
wet 15 minutes after application. The surface was spot dry 30 minutes following the last 
application. The consolidant during cycle 3 was not immediately absorbed into the stone 
and remained on the surface after each application. The consolidant remained fully wet on 
the surface 15 minutes post application. It was spot dry on the surface 30 minutes following 
the last application and after 40 minutes it was generally dry on the overall surface of the 
stone. For cycle 4 applications the consolidant remained fully wet on the surface up to 
40 minutes post application. It began to spot dry on the surface 50 minutes following the 
last application. During cycle 5 the stone surface remained fully saturated for 60 minutes 
following the last application and pooled on the surface. This was the last consolidation 
cycle completed on the serpentine cubes. The variance in the number of applications of 
consolidant to the disks and the cubes was most likely due to the size difference of the 
samples rather than individual differences in permeability.
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5.3.3 Application to Bulk Sample
The consolidant was applied to one face of the bulk sample to simulate application 
in the field. Half of the sample face was treated to enable comparison resistance drilling 
on a single stone face post consolidation. During all cycles of the application process the 
room temperature remained between 22.1°C-22.4°C and the relative humidity at 24%. 
The sample required twelve cycles for full consolidant penetration. The sample absorbed 
the consolidant rapidly during cycles 1 and 2, becoming visibly dry on the surface within 15 
minutes of application (Fig. 5.7).
During the remaining cycles the consolidant was not immediately absorbed and 
remained on the surface of the stone after each application. The surface stayed fully wet 
for up to 30 minutes post application during cycles 3 through 7 and remained fully wet on 
the surface up to 40 minutes post application during cycles 8 and 9. The consolidant began 
to spot dry on the surface 50 minutes following the last application for cycles 10 and 11. 
For cycle 12, the stone surface remained fully saturated and pooled on the surface for 60 
Figure 5.6. Application of consolidant to cubes, 2013. (K. Brown)
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minutes following the last application. This was the last consolidation cycle completed on 
the bulk sample. The variance in the number of consolidant applications to the bulk sample 
versus the disks and cubes was most likely due to the difference in texture and condition. 
The surfaces of the disks and cubes were sawn, while the bulk sample had a naturally 
weathered face. Variation in consolidant absorption and penetration is likely with field 
application to the stone.
5.4 Curing of Samples
Following treatment the samples were stored overnight in a fume hood to allow any 
volatile materials to evaporate. Twenty-four hours later the samples were placed on a tray 
and stored in a tented bakers rack to aid in regulated temperature and humidity (Fig. 5.8). 
Samples were left to cure for 28 days. Manufacturer’s instructions called for 14-21 days of 
curing. Temperature and relative humidity were monitored at the same time daily.
Figure 5.7. Bulk sample absorbing consolidant, 2013. (K. Brown)
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Figure 5.8. Tented bakers rack for consolidated stone drying, 2013.
(K. Brown)
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CHAPTER 6: ANALYSIS AND PHYSICAL TESTING PROGRAM
6.1 Methodology 
The purpose of analysis and physical testing was to determine the composition 
and performance of weathered serpentine and to assess and evaluate if consolidation 
treatments improve its performance and resistance to weathering. Compatibility testing and 
characterization were completed through petrographic thin section analysis, SEM analysis, 
color change, and wet chemical methods including acid solubility and salt identification. 
Stone durability and physical properties were measured before and after consolidation 
using water absorption, water vapor permeability, freeze/thaw resistance, and resistance 
drilling. 
6.2 Color Change
Color change was used to evaluate the difference in color between treated and 
untreated samples through visual comparison. The evaluation followed guidelines outlined 
in ASTM D 1535-80 “Standard Method of Specifying Color by the Munsell System.”  
6.2.1 Methodology
Color change was measured using the Munsell Color Identification System, evaluated 
in natural daylight. The Munsell System describes color using three basic components, value, 
chroma, and hue. Each sample was placed on a neutral background, observed in natural 
daylight, and matched with a Munsell color. When a color match was found the hue, value/
chroma of the Munsell color match was recorded. Each serpentine cube and disk sample 
treated with PROSOCO Conservare® OH100 was color matched as well as control samples 
after cure.
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6.3 Acid Solubility
Acid reactivity is a chemical property that can be used to identify materials 
composed of carbonates of calcium or magnesium. Materials containing carbonates (CO3) 
will react to acid by effervescing where the acid dissolves the carbonates and CO2 gas is 
produced. 
6.3.1 Methodology
Acid reactivity was measured by placing a drop of 2M Hydrochloric Acid (HCl) on 
the sample and noting the effect of the acid. A sample with high reactivity will immediately 
effervesce.
6.4 Quantification of Soluble Salts
Soluble salt testing was completed to quantify the concentrations of soluble salts in 
the untreated sample. Water-soluble salts can originate from the rock, ground, air or other 
associated materials within a building and can be transported into the material by capillary 
action or deposition. Soluble salts in a material can cause cyclic deterioration of porous 
materials through the process of re-crystallization and re-hydration. This test is a semi-
quantitative chemical analysis and will help determine salts (sulfates, chlorides, nitrites, and 
nitrates) that are present in the sample naturally or by environmental deposition. EM Quant 
strips were used for identification.
6.4.1 Methodology
Salt testing was completed on an untreated serpentine sample that remained from 
the large block from which the cube samples were cut. It was observed under a Leica MZ16 
plane light stereomicroscope and characteristics were noted. The sample piece was dried 
in a drying oven at 60°C until a consistent weight was achieved, placed in a desiccator, and 
cooled at room temperature. The sample was ground to a fine powder using a ceramic 
mortar and pestle, placed in a pre-weighed beaker, and 150 ml distilled water was poured 
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into the beaker. The stone and water solution was stirred using a magnetic stirring plate 
and Teflon bar. After stirring the solution was left to settle. The suspension was then 
filtered through a funnel with pre-weighed filter paper into another beaker. The filter paper 
retaining the aggregate was dried overnight in a 60°C oven, and in the morning placed in 
a desiccator and cooled at room temperature. This process continued until a consistent 
weight was achieved. The filter suspension liquid was set aside for analysis. 
The filtered suspension and commercial ion strips were used for semi-quantitative 
testing. The test strip expiration date and lot number were recorded to ensure they were 
active. The filtered solution was dropped onto each ion strip using a pipette, and the strips 
were timed, monitored, and allowed to develop as specified on the test strip packaging. A 
color change indicated the concentration of a particular salt in the solution. The degree of 
color change informed the relative amount of each salt in the solution. From this data the 
relative anion concentrations could be calculated.
6.4.2 Calculations
The % relative moisture content of each sample was calculated as follows:
 % relative moisture content (W/W) = [Wh+s – Wh+d)/ Wd] x 100
Where:
 Wh+s = weight of the sample and container (g)
 Wh+d = weight of dry sample and container (g)
 Wd = weight of the dry sample (g)
The % relative soluble salt content was determined as follows:
 % relative soluble slat content (W/W) = [(Wd – Wg_p+des – Wp – Wg)/ Wgd] x 100 
Where:
 Wg_p+des = weight of the extracted salt sample, filter paper, and watch glass (g)
 Wp = weight of the filter paper (g)
 Wg = weight of the watch glass (g)
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 Wgd = weight of the dry extracted sample (g)
The soluble salt concentration in g/L was determined as follows:
 salt concentration (g/L) = [(Wd – Wg_p+des – Wp – Wg)/ Vsoln] x 1000 ml/L
Where:
 Vsoln = final volume of the salt solution after filtering (ml)
The relative anion concentration was determined as follows:
 Ion (g/g) % = [strip reading (mg/L) x Vsoln x 100]/ [wd x 1000 mg/g]
6.5 Petrographic Thin Section Analysis
In order to better understand the mineralogical composition of the church’s 
serpentine stone and observe its microstructure, thin sections were made and petrographic 
analysis was undertaken. These samples were selected from the north elevation wall of the 
19th Street Baptist Church. Two serpentine samples were prepared for thin section analysis 
using an Olympus CX31 transmitted light microscope (plane polarized and cross polarized 
light). Sample #1 was a general bulk sample representative of the building stone made into 
a single thin section. Sample #2 was a single thin section with two samples showing surface 
weathering from areas of visible deteriorated stone. National Petrographic Service, Inc. 
located in Houston Texas prepared both sample thin sections. Thin sections were 27mm 
x 46mm (1” x 1 7/8”) multi-depth dimension and 30 microns thick with blue dye epoxy 
impregnation, a permanent cover slip, no polish or staining, and cured at a low temperature. 
The blue dye epoxy allowed for the easy observation of stone porosity and microcracking.
6.6 Capillary Water Absorption
The capillary water absorption test simulates rising damp, which occurs in most 
buildings subjected to wet exterior environments. The test can be used to record water 
movement, porosity, and permeability of a stone. The test follows guidelines outlined in 
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NORMAL 11/85, NORMAL 7/81, NORMAL 29/88, ASTM C67-97, ASTM C948-94, ARC 
Laboratory Handbook, and ICCROM 1999. Samples are 5cm cubes of serpentine stone. 
6.6.1 Methodology
The samples were washed with distilled water to eliminate cutting residue, dried 
in a drying oven at 60°C until a consistent weight was achieved, and placed in a desiccator 
and cooled at room temperature. Weighed samples were placed in an immersion container 
with a thin absorption cloth on the bottom (Fig. 6.1). The container was slowly filled with 
deionized water until the sponge became fully saturated. 
At predetermined intervals each sample was removed from the container, quickly 
blotted with a damp cloth to remove surface moisture, and weighed. After each weighing 
the samples were again placed in the container, the container sealed, and testing continued. 
Results were recorded and samples weighed at 0, 3, 15, 30, 45, and 60 minutes after 
immersion. Then, weighed at 2, 3, and 8 hours after immersion. Thereafter, weighed at 
24-hour intervals from time of initial immersion until the quantity of water absorbed 
Fig. 6.1. Capillary water absorption testing, 2013. (K. Brown)
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in two successive weight measurements was not more than 0.1% of the dry mass. Once 
the samples reached an asymptotical water absorption value, the samples were left in 
the container for 24 hours before a final measurement was taken. Percentage of water 
absorption was calculated for each measurement taken. 
6.6.2 Calculations
The imbibition capacity of the measured samples was determined by the ratio as follows:
(Wmax – Wdry)/Wdry
Where:
 Wmax = weight of the sample imbibed with water at the end of the test (g)
 Wdry = weight of dry sample (g)
Capillary waster absorption coefficient was determined by measuring the slope of 
the initial straight portion of the curve. The capillary water absorption rate was plotted as 
amount of water absorbed per unit surface (g/cm2) over the square root of time in a graph. 
6.7 Water Absorption By Total Immersion
The water absorption by total immersion test is used to characterize porous building 
materials, to assess the degree of deterioration, and evaluate conservation treatments. The 
test followed guidelines outlined in NORMAL 7/81 “Water Absorption By Total Immersion.” 
It measures the quantity of water absorbed by a material immersed in deionized water at 
a known room temperature and pressure until water absorption capacity is reached. The 
results are expressed as a percentage of the dry mass of the sample. Samples are 5cm cubes 
of serpentine stone. 
6.7.1 Methodology
Immediately after the capillary water absorption test the samples were placed in a 
plastic container. Each sample rested on two glass rods each to minimize contact with the 
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bottom of the container and allowed for water flow around the sample (Fig. 6.2). Deionized 
water was slowly poured into the container until the samples were completely immersed 
and covered by 2 cm of water. At regular intervals samples were removed from the bath, 
quickly blotted with a damp cloth to remove surface moisture, and weighed. Results were 
recorded and samples weighed at 0, 1, 2, 3, 4, 5, 10, 15, 30, 60, 90, 120, and 180 minutes 
after immersion. Subsequent weighing times during the first 24 hours were determined 
according to characteristics of the material and rate of absorption to obtain the best data 
results. At least one of the measurements was taken 24 hours after initial immersion. 
After each weighing the samples were re-immersed in the water and the container sealed, 
and testing continued, weighing the samples at 24-hour intervals until quantity of water 
absorbed in two successive weight measurements was ≤ 0.1%. Once the samples reached 
an asymptotical water absorption value, the samples were left in the container for 24 hours 
before a final measurement was taken. The samples were then dried to a constant weight 
using the drying index. 
Figure 6.2. Water absorption by total immersion testing, 2013. (K. Brown)
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6.7.2 Calculations
The water absorption by total immersion of the measured samples was determined as 
follows:
ΔM/M% = [(Mi – Mo)/Mo] x 100
Where: 
 ΔM/M% = amount of water absorbed of the sample at time (ti)
Mi = weight of the sample imbibed with water at time ti (g)
Mo = weight of the dry sample (g)
The average value (ΔM/M%) of each measurement was plotted as a function of time in a 
graph. The imbibition capacity (IC) of the samples at atmospheric pressure is determined as 
follows:
 IC = [(Mmax – Maf)/Maf] x 100
Where:
 Mmax = weight of the sample imbibed with water at the end of the test (g)
 Maf = weight do the dried sample after the test (g)
6.8 Drying Index
The drying index measures the loss of water absorbed by a material through 
evaporation. It aids in characterization of the stone material, evaluation of the deterioration 
of the stone, and effect of the conservation treatment. The drying index measurement is 
carried out on samples saturated with water through the NORMAL 7/81 “Water Absorption 
By Total Immersion” test. The variation of the water content of the material at a constant 
temperature and relative humidity was measured and expressed as a percentage of dry 
weight of the sample. The test follows guidelines outlined in NORMAL 11/85, NORMAL 
7/81, NORMAL 29/88, ASTM C67-97, ASTM C948-94, ARC Laboratory Handbook, and 
ICCROM 1999. 
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6.8.1 Methodology
The fully saturated sample was patted dry using a damp cloth to eliminate excess 
moisture. After the final absorption measurement the sample was left to dry on the scale for 
the first half hour. Measurements were taken every two minutes for the first fifteen minutes, 
every five minutes for the next fifteen minutes, and every 10, 15, 30, etc. for the subsequent 
hours.  When the sample weight began changing at a slower rate, samples were dried on a 
plastic rack in a draft free environment that allowed of airflow in and around the samples. 
When the weight reached an asymptotical value and weighed at this value four times, the 
sample was dried in an oven. The measurement taken after dried in a drying oven at 60°C 
was used as the dry weight measurement for calculations. The drying rate of the stone was 
plotted against time.
6.8.2 Calculations
The moisture content (Ψ) was determined as follows:
Ψ = (Ut/Volsample) (g/cm3)
Where: 
 Ut = water content
 Volsample = total volume of the sample
6.9 Water Vapor Transmission
The water vapor transmission test measures the amount of water vapor that flows 
through two surfaces of a material with a known thickness during a known amount of 
time. The flow of water vapor occurs due to the difference in pressure on each size of the 
stone surface, air in a controlled chamber on one side, and water below the sample in a 
transmission cup on the other (Fig. 6.3). Water vapor moves through the pore space and 
any cracks in the stone. The data acquired allows for the analysis of how water vapor moves 
throughout the stone material and the manner in which the material may become saturated 
and moisture entrapped. The test follows guidelines outlined in ASTM E96-90 “Standard 
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Test Methods for Water Vapor Transmission of Materials.” Samples are 1 inch thick discs, 1 
¾ inches diameter. 
6.9.1 Methodology
The samples were washed with distilled water to eliminate cutting residue, dried 
in a drying oven at 60°C until a consistent weight was achieved, placed in a desiccator, and 
cooled at room temperature. Each disc was wrapped with electrical tape to prevent leakage 
through the sides of the sample. The samples were then set on the inner rim of a 50 ml 
polypropylene tri-cornered beaker and sealed to the container with heated paraffin wax 
(Fig. 6.4). The beakers were filled with 20 ml of distilled water and a cotton ball prior to 
Figure 6.3. Water vapor transmission chamber, 2013. 
(K. Brown)
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setting the stone sample in place. The prepared beakers were placed in a desiccator with 
a controlled climate and a hygrometer to achieve and maintain a constant temperature of 
20°C. The bottom of the desiccator was filled with calcium sulfate desiccant in order to 
maintain a relative humidity of 50± 2% in the drying chamber. The assembly was weighed 
every 15 minutes for the first hour of testing and every 24 hours following the initial start 
time for a period of ten days. Testing was complete when the recorded weight did not 
change over three days.
Figure 6.4. Application of paraffin wax to the beaker and sample, 
2013. 
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6.9.2 Calculations
The water vapor transmission of the measured samples was determined as follows:
 WVT – G/tA = (G/t)/A
Where:
G = weight change (g)
t = time (h)
G/t = slope of the straight line (g/h)
A = test area/sample area (cm2)
WVT = rate of water vapor transmission (g/h cm2)
Permeance of the stones was determined as follows:
 Permeance = WVT/S (R1 – R2)
Where:
 S = saturation vapor pressure at test temperature (mm Hg)
R1 = relative humidity at the source expressed as a fraction 
R2 = relative humidity at vapor sink expressed as a fraction
Average permeability was determined as follows:
 Average Permeability = Permanence x Thickness
6.10 Freeze/Thaw Resistance
The freeze/thaw test measures a material’s performance during freezing and 
thawing cycles that occur in the outdoor environment and indirectly measures stone 
durability and resistance to deterioration. The test was assessed using visual examination 
and measurement of apparent volume. The test followed guidelines outlined in RILEM V.3 
“Frost Resistance.” Samples are 5cm cubes of serpentine stone. 
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6.10.1 Methodology
Samples were dried in a drying oven at 60°C until a consistent weight was achieved, 
placed in a desiccator, and cooled at room temperature. Samples were immersed for six 
hours in tap water at 15°C - 20°C. After 6 hours samples were removed from the bath, 
patted dry, and weighed on a scale for apparent weight in the air and weighed by hydrostatic 
weighing for apparent weight in water. Samples were then placed in a deep freeze cabinet 
for the freeze/thaw cycling. Each cycle consisted of 6 hours of freezing in the cabinet, 
followed by 6 hours of thawing in water. Measurements were taken every 4 cycles and 
samples were photographed to observe and record deterioration. 
6.10.2 Calculations 
The reduction of volume of the measured samples in percentage after n cycles was 
determined as follows:
V in % = [(Mao – Meo) - (Man – Men)]/(Mao – Meo) x 100
The bulk volume after n cycles was determined as follows:
Figure 6.5. Freezing chamber for freeze/thaw testing, 2013. (K. Brown)
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 V = Man – Men
Where:
 n = number of cycles
 Man = mass of the specimen in the air
 Men = mass of the specimen in water 
 Mao = mass of the specimen in the air after 6 hours of immersion
 Meo = mass of the specimen in the water after 6 hours of immersion
6.11 Depth of Penetration With Resistance Drill (DRMS System)
Resistance drilling was used to evaluate stone strength and durability before and 
after consolidation. Resistance drilling helps quantify the rock toughness and predict 
the uniaxial compressive or flexural strength by measuring the penetration force, the 
penetration torque and the actual drill position. It works by detecting fluctuations attributed 
to non-homogeneities in the material and was used to determine inter-granular cohesion 
and depth of penetration of the consolidant.
6.11.1 Methodology
Masonry resistance drilling was conducted using the DRMS Cordless 2005 Drilling 
Resistance Measurement System manufactured by SINT Technology (Fig. 6.6). The DRMS 
Cordless 3.05 Software and a small DELL computer, provided by SINT Technology, was used 
to run the equipment, gather test data, and analyze results. This data was transferred to 
Microsoft Excel to graph and create an average profile for each stone sample and groups 
of stone samples. Five 5cm serpentine cubes and one bulk sample were tested using the 
DRMS System. Samples were drilled in four sequences total. They were drilled dry in two 
sequences prior to freeze/thaw testing, once prior to and once post consolidation treatment. 
They were also drilled in two sequences post consolidation and freeze/thaw testing, wet 
and dry. Before drilling, samples were dried in a drying oven at 60°C until a consistent 
weight was achieved, placed in a desiccator, and cooled at room temperature. 
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Each cube sample was drilled four times prior to consolidation, twice on the 
face of the stone with the foliation running horizontal and twice on the face of the stone 
perpendicular to the initial side which did not show horizontal foliation (Fig. 6.7). Post 
consolidation, the samples were drilled a total of four times on the same two faces of the 
stone. Since serpentine is variable not only between quarries but within veins, resistance 
drilling was completed on the same stone samples so reasonable comparisons could be 
made between the data before and after consolidation. The bulk sample was drilled five 
times on the unconsolidated half and five times on the consolidated half of the sample. A 
5mm deep flute carbide tipped rotary/percussion masonry drill bit was used for drilling. 
The following parameters were used for the cubes: 600 rpm rotation speed, 10 mm/min 
advancing rate, and a maximum depth of 10 mm. The following parameters were used for 
the bulk sample: 600 rpm rotation speed, 10 mm/min advancing rate, and a maximum 
depth of 30 mm.
 
Figure 6.6. DRMS Cordless 2005 Drilling Resistance Measurement System 
manufactured by SINT Technology, 2013. (K. Brown)
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6.12 Scanning Electron Microscopy (SEM) Analysis
Scanning Electron Microscopy (SEM) was performed on four selected samples at The 
Laboratory for Research on the Structure of Matter (LRSM) at the University of Pennsylvania 
(Fig. 6.8). SEM is a method used for to observe materials on a submicroscopic scale by 
using high-resolution imaging. It is useful for the identification of the presence of specific 
elements, the characterization of material surfaces, and allows for higher magnification and 
a larger depth of field. SEM produces detailed 3D images of the material that allows for the 
observation of surface morphology. 
 SEM can be used in macroscopic feature measurement, fracture characterization, 
microstructure studies, surface evaluations, and contamination studies. It can also be used 
to image the surface of the stone for comparison pre and post treatment. This is important 
for both characterizing the effectiveness of treatments and for identifying possible damage 
that may be caused at a microscopic level. 
Figure 6.7. Running the DRMS Drill on serpentine cubes, 2013. 
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6.12.1 Methodology
Scanning electron microscopy allowed for the analysis of unconsolidated and 
consolidated serpentine with cut faces and naturally weathered faces. Two of the four 
samples were cut 1” disks, one unconsolidated and one consolidated, and two were 
weathered bulk samples approximately 2cm square, one unconsolidated and one 
consolidated. Each sample was mounted using double-sided carbon tape adhesive to a metal 
disk with a pin protruding form the bottom. The disk with the samples was then situated 
and secured inside a Quanta 600F Scanning Electron Microscope on a stage that raised to 
Figure 6.8. Scanning Electron Microscope at The Laboratory for 
Research on the Structure of Matter (LRSM) at the University of 
Pennsylvania, 2013. (K. Brown)
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10mm in height. The chamber was closed and the machine pumped down the air in the 
chamber to form a vacuum. The SEM machine internally regulated a valve, which opened up 
to release water vapor into the chamber. The use of water vapor in observation is known as 
environmental SEM. The water vapor prevents the surface of the stone from charging with 
electrons and helps to detect secondary electrons more easily. The SEM machine constantly 
pumps the chamber and allows water vapor to filter in and out.
The SEM generates a highly charged beam of electrons that is emitted from a 
filament toward an anode or through a barrier with a high electron field. Condenser lenses 
focus the electron beam (within a vacuum) before it passes through an objective lens. A 
very small field emission gun within the machine creates identical electrons, which hit the 
samples and produce secondary electrons. The machine scans the surface of the material for 
imaging and based upon emitted electrons, creates an image (Fig. 6.9). 
Figure 6.9. Observing and capturing the SEM images on the computer, 2013. 
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PROPERTY TEST	  METHOD STANDARD/REFERENCE PERIOD SAMPLE	  SIZE	  &	  SHAPE	   SAMPLES	  PER	  VARIABLE
TOTAL	  SAMPLES	  
PER	  TEST
Color	  Change Munsell;	  ASTM	  D	  1535-­‐80 1	  Day All	  Samples Variable Variable
Acid	  Solubility Observe	  Reaction 1	  Day Bulk	  Sample Variable Variable
Material	  
Characterization
Soluble	  Salt	  
Analysis
ASTM	  B117-­‐03	  and	  C67-­‐00;	  ARC	  
Laboratory	  Handbook;	  ICCROM	  1999;	  
NORMAL	  13/83
2	  Days Bulk	  Sample Variable Variable
Petrographic	  Thin	  
Section	  Analysis Observe	  Physical	  Characteristics 5-­‐6	  Weeks Variable Variable Variable
Scanning	  Election	  
Microscopy	  (SEM) Observe	  Physical	  Characteristics 1	  Day Variable Variable Variable
Capillary	  Water	  
Absorption
NORMAL	  11/81,	  7/81	  and	  29/88;	  ASTM	  
C67-­‐97	  and	  C948-­‐94;	  ARC	  Laboratory	  
Handbook,	  ICCROM	  1999
1	  Week 5	  cm	  Cubes 5 10
Water	  Absorption	  
By	  Total	  Immersion
NORMAL	  11/81,	  7/81	  and	  29/88;	  ASTM	  
C67-­‐97	  and	  C948-­‐94;	  ARC	  Laboratory	  
Handbook,	  ICCROM	  1999
2-­‐3	  Weeks 5	  cm	  Cubes 5 10
Material	  
Properties Drying	  Index
NORMAL	  11/81,	  7/81	  and	  29/88;	  ASTM	  
C67-­‐97	  and	  C948-­‐94;	  ARC	  Laboratory	  
Handbook,	  ICCROM	  1999
1	  Week 5	  cm	  Cubes 5 10
Water	  Vapor	  
Transmission ASTM	  E96-­‐90/E96M-­‐10
10	  Days	  -­‐	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  Weeks 1"	  thick,	  1	  3/4"	  dia	  Disks 5 10
Freeze/Thaw RILEM	  V.3 1	  Month 5	  cm	  Cubes 5 10
Resistance	  Drilling Lotzmann	  and	  Sasse	  1999 1	  Week 	  5	  cm	  Cubes	  &	  Bulk	  Sample 5 5
Table 6.2. Thesis testing schedule.
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CHAPTER 7: ANALYSIS AND PHYSICAL TESTING RESULTS
7.1 Overview
 Below are the results from analysis and physical testing of the 19th Street Baptist 
Church serpentine stone samples. Results of the tests and conclusions drawn from this 
testing are described. Recommendations for future testing and any possible sources of 
error are also explained. Throughout the conclusions “UC” stands for unconsolidated, “C” 
stands for consolidated, and “FT” stands for freeze/thaw. Generally the solid lines represent 
unconsolidated stones and dotted lines represent consolidated stones. This does not apply 
to the resistance drilling graphs. The results obtained from testing will be evaluated and 
recommendations will be given in the subsequent chapter.
7.2 Color Change
 All samples were analyzed using the Munsell Color System. Treated and untreated 
samples from all three cohorts (5cm cubes, 1” disks, and bulk) were observed and a color 
match was performed. The stone color did not visibly change on the disks or the cubes 
before and after consolidation treatment (Fig. 7.1). Both samples matched Munsell color 10 
Y 7/1, which is a pale green hue. Meierding noted that serpentine crusts fell under Munsell 
color 2.5Y 8/2.5 (pale yellow hue) and freshly quarried serpentine fell under 10 Y 5.5/2 
(dark green hue). Munsell color 10Y 7/1 is a hue that falls in between these two colors. 
The bulk samples did not changes color before and after consolidation. The samples match 
Munsell color 5GY 6/1 prior to and post consolidation. Since colors vary among individual 
stones, it is best to evaluate color change before and after consolidation rater than form 
stone to stone. Samples should be observed again after they have cured for a longer period 
of time and hue, value/chroma noted for comparison to the observations made here. 
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7.3 Acid Solubility
 Two pieces of untreated scrap stone and two pieces of offcut stone were used 
as samples for this test. The reaction varied between the stone samples. When 2M 
Hydrochloric Acid (HCl) was dropped on the offcut samples with smooth cut faces no 
reaction of CO2 evolution was observed.
 When 2M HCl was dropped on the scrap stone, which had weathered faces, both 
stones had a reaction. The stone reacted by immediately beginning to effervesce (not a 
violent reaction) as the acid dissolved the carbonates, creating CO2 (Fig. 7.2). As the reaction 
occurred, the area of contact turned a yellow color. This suggests the presence of calcium or 
magnesium carbonates in the stone. 
 The reaction may be attributed to magnesium carbonate, also known as magnesite, 
which occurs in serpentine and is in abundance in quarries in Chester County.  The rock 
itself is a magnesium silicate ultramafic rock, which means it contains more than seventy 
Figure 7.1. Unconsolidated sample group C and consolidated sample group D show 
little to no change in color before and after treatment, 2013. (K. Brown)
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percent ferro-magnesian containing minerals including magnesite. The variance in reaction 
can be attributed to the stone having a naturally weathered surface versus a cut surface. 
The magnesium carbonates may be more prevalent on the surface of the stone or the 
concentration may vary between stones.
7.4 Quantification of Soluble Salts
 The semi-quantitative chemical analysis was used to determine salts (sulfates, 
chlorides, nitrites, and nitrates) present in the sample. The sample tested negative for 
chlorides and nitrites. The stone sample tested positive for low levels of nitrates, (10 mg/L) 
and higher sulfate levels (>400 mg/L) (Fig. 7.3-7.4). The presence of sulfates helps to bolster 
the theory that a major cause of deterioration of serpentine is the formation of magnesium 
sulfate salts following the exposure to acid rain precipitation, as sulfates are found in 
abundance in the sample.
Figure 7.2. Variable reactions to acid solubility testing, 2013. (K. Brown)
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Figure 7.3. Test strip showing positive result for nitrates, 2013. (K. Brown)
Figure 7.4. Test strip showing positive results for sulfates, 2013. (K. Brown)
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7.5 Petrographic Thin Section Analysis
 Petrographic this section analysis proved to be difficult but informative due to the 
complex nature of serpentine. The blue tint in the following images is due to the blue dye 
epoxy used to highlight the microcracking in the stone (Fig. 7.5). Serpentine is the chief 
matrix material of the serpentinite stone. Under plane polarized light the serpentine matrix 
appears as a pale, faint yellowish green of unusually uniform color. The serpentine appears 
in cross-polarized light as a convoluted crystalline structure with brilliantly polarizing black 
with white and blue streaks (Fig. 7.6). Under both cross and plane polarized light clean 
fissures in the stone matrix are visible and can be clearly observed due to the blue dyed 
epoxy. This sub-micro cracking appears as surface flaking and naturally formed pits can be 
observed. These pits are seen clearly in the hand samples as well. The stone’s susceptibility 
to pressure and atmospheric weathering causes these cracks to form and weaknesses can 
be found in the serpentine at any direction. White mica (muscovite) is seen in the sample 
as pearly plates (Fig. 7.7). The plates appear as crinkly and exhibit birds eye extinction in 
cross-polarized light (Fig. 7.8). Nodules of granular chromite can be observed as iron black 
or opaque materials with clean crystalline edges.  Amphibole crystals are also noticeable 
with moderate relief and oblique cleavage.
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Figure 7.5. Serpentine under plane polarized light with 4x magnification showing 
visible microcracks and opaque granular chromite, 2013. (K. Brown)
Figure 7.6. Serpentine under cross polarized light with 4x magnification showing the 
convoluted crystalline structure, 2013. (K. Brown)
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Figure 7.7. Serpentine under plane polarized light with 20x magnification showing 
white mica plates, 2013. (K. Brown)
Figure 7.8. Serpentine under cross polarized light with 20x magnification showing the 
same white mica plates, 2013. (K. Brown)
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7.6 Capillary Water Absorption
 Sample group A was tested for capillary water absorption before and after 
consolidation. Visual observation showed the consolidated stones taking a longer time 
to absorb water and saturate the specimens. The capillary water absorption rate was 
plotted as amount of water absorbed per unit surface (g/cm2) over the square root of time. 
Graph 7.1 shows that the unconsolidated samples initially absorbed water faster than the 
unconsolidated samples. The consolidated samples absorbed water slower, but still had 
a gradual upward absorption rate. Graph 7.2 shows that on average, the unconsolidated 
samples absorbed approximately 0.70 g/cm2, while the consolidated samples absorbed 0.65 
g/cm2, an approximate difference of 0.05 g/cm2. The unconsolidated samples gained 7% 
more water than the consolidated samples. The consolidated samples took a longer time to 
reach an asymptotical weight value.
Graph 7.1. Capillary water absorption for all unconsolidated (UC) and consolidated (C) samples.
92
7.7 Water Absorption By Total Immersion
 Sample group A was tested for water absorption by total immersion before and after 
consolidation. The total water absorption rate was plotted as amount of water absorbed per 
unit surface (g/cm2) over the square root of time. The graph shows the samples before and 
after consolidation had similar absorption tendencies. Graph7.3 shows the unconsolidated 
samples absorbed a greater amount of water over time than the unconsolidated samples. As 
seen in Graph 7.4, on average the unconsolidated samples absorbed 0.85 g/cm2 while the 
consolidated samples absorbed 0.55 g/cm2, an approximate difference of 0.30 g/cm2. The 
unconsolidated samples gained 54% more water than the consolidated samples.
Graph 7.2. Average capillary water absorption for unconsolidated (UC) and consolidated (C) samples.
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Graph 7.4. Average total immersion water absorption for unconsolidated (UC) and consolidated (C) 
samples.
Graph 7.3. Total immersion water absorption for all unconsolidated (UC) and consolidated (C) 
samples.
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7.8 Drying Index
 The drying index took approximately one and a half weeks to complete on the 
unconsolidated stones and one week to complete on the consolidated stones. Mimicking the 
absorption patterns displayed in the water absorption by total immersion tests, all stones 
unconsolidated and consolidated were shown to have similar drying tendencies and rates.
7.9 Water Vapor Transmission
 Water vapor transmission was tested for 32 days. The testing chamber was kept at 
an average temperature of 22.6°C and an average relative humidity of 50.3%, well within 
the guidelines mandated by ASTM E96-90. The test samples took approximately six days 
to equilibrate. This initial period of weight increase was followed by a steady decline and 
weight change across all samples. The samples had an average diameter of 44.18mm 
(0.04418m) and an average surface area of 1.53mm2 (0.00153m2). The average thickness 
was 24.67mm (0.02467m). The size of the cup opening was 1.47m2 (0.00147m2). From 
theses values and measured data the water vapor transmission rate, permeance, and 
permeability of each sample were calculated. Averages for each sample group were also 
calculated to aid in the discussion of results. 
 Table 7.1 shows that the samples consolidated with OH100 (D1-D5) had lower water 
vapor transmission, permeance, and permeability rates than the unconsolidated samples 
(C1-C5). Graph 7.5 shows that the water vapor did not pass through the consolidated 
samples as quickly as the unconsolidated samples. Graph 7.6 show the average permeability 
was lower on the consolidated samples (-1.38E-02) than on the unconsolidated samples 
(-2.00E-03). The weight change of the unconsolidated stone sample beakers was 3%, 
while the weight change of the consolidated stone sample beakers was 2%, totaling a 
1% difference. An asymptotical weight value was never reached for any of the samples in 
group C or D. Continued testing until recorded weight does not change for three days is 
recommended.
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Graph 7.5. Water vapor transmission rates for all unconsolidated (UC) and consolidated (C) samples.
Table 7.1. Calculations and averages for water vapor transmission, permeance, and permeability.
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7.10 Freeze/Thaw Resistance
 All samples in groups B and E were cycled through 58 freeze/thaw cycles. Group B 
was consolidated while group E was unconsolidated. All stones in both groups appeared 
visibly undamaged at the end of the 58 cycles (Fig. 7.9). The bulk volume was calculated for 
all cycles and samples. After 44 freeze/thaw cycles there was a reduction in bulk volume of 
the samples except for sample B2, which increased 0.2%. The average reduction in volume 
for group C was 0.7% and the average reduction in volume for group E was 0.4%. The 
average reduction was less for the consolidated group B cubes, then for the unconsolidated 
group E cubes. Freeze/thaw cycling may require up to 200 cycles before results are visible 
and it is recommended cycling continue until stone failure.
Graph 7.6. Average permeability of all unconsolidated (UC) sample group C and consolidated (C) 
sample group D.
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Figure 7.9. Group B and E samples after 58 cycles of freeze/thaw testing 
showing no signs of deterioration, 2013. (K. Brown)
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7.11 Depth of Penetration With Resistance Drill (DRMS System)
 Drill resistance measurements for cubes were performed at the following 
parameters: 600rpm, 10mm/min advancing rate, and 10mm depth with a 5mm drill bit. 
These parameters were chosen as recommended by SINT Technology.  Drill resistance 
measurements for the bulk samples were performed at the following the parameters: 
600rpm, 10mm/min advancing rate, and 30mm depth with a 5mm drill bit. The 5mm drill 
bit was able to adequately penetrate both the unconsolidated and consolidated testing 
stones to their maximum specified drill depth. During drilling of the bulk samples, sand bags 
were used to stabilize the samples. 
 Each cube was drilled four times prior to consolidation and four times post 
consolidation. Cubes were drilled dry and both dry and wet after freeze/thaw cycling 
to observe the variability of the stone under different conditions. Drill resistance both 
perpendicular and parallel to the foliation of the stone was averaged across samples, 
corrected, and graphed. As seen in Graph 7.7, the average resistance of both faces of the dry 
unconsolidated cubes was lower than the resistance of both faces of the dry consolidated 
cubes. An initial increase in strength of 33% can be seen in the first 4mm of both 
consolidated samples. Average resistance of the cubes unconsolidated and consolidated 
began to even out around 10mm in depth.
 Each of the bulk samples were drilled five times on the unconsolidated side and five 
times on the consolidated side of the stone to obtain a representative depth of consolidation 
profile. Two bulk samples were drilled, with one sample drilled perpendicular to the 
foliation and one sample drilled parallel to the foliation. Drill resistance both perpendicular 
and parallel to the foliation of the stone was averaged across samples, corrected, and 
graphed. After correcting and analyzing the data, the surface weathering/disaggregation 
of the stones appears to be at an average depth of 10mm, ranging from 8mm to 12mm on 
the bulk samples, as seen in Graph 7.8. The consolidated bulk samples have a higher drill 
resistance than the unconsolidated bulk samples to a depth of 25mm. Due to the length of 
the drill bit and the cell load capacity of the drill, measurements to a depth beyond 25mm 
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were not able to be obtained.  Therefore, the exact depth to which the consolidant affected 
the stone can only be determined as a depth greater than 25mm.
Graph 7.8. Average drill resistance for unconsolidated (UC) and consolidated (C) sides of the bulk 
samples.
Graph 7.7. Average drill resistance for unconsolidated (UC) and consolidated (C) dry cubes.
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 Graph 7.9, shows that there was little difference in the resistance of the consolidated 
stones drilled dry and drilled while saturated with water. A comparison in Graph 7.10 shows 
the dry consolidated sample behavior before and after freeze/thaw cycling. The samples 
subject to freeze/thaw cycling had a greater resistance than the stone before freeze/thaw 
cycling. This is not due to the cycling itself, but due to the fact that consolidant has had 30 
days longer to polymerize and strengthen these samples even through freeze/thaw cycling. 
 
 Successful operation of the drill requires training and experience. The operator 
must keep the drill straight and steady, and apply enough pressure to insert the bit with 
skewing the data. There are a few possible sources of error that could affect the accuracy of 
resistance drilling results. The battery life of the drill could have an affect on results. During 
testing the battery was changed every four drills to try to eliminate the effect of battery life 
on the drilling results. When drilling the large bulk specimens, the drill may bounce, vibrate
Graph 7.9. Average drill resistance for dry and wet consolidated (C) cubes after freeze/thaw cycling.
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or move slightly upon initial contact. This drill movement could affect the drill reading taken 
by the load cell and skew the data. Inconsistent pressure applied to the drill while drilling 
bulk samples could also affect the test or cause load cell overload. The American drill bits 
were also found to vary in performance slightly, with different results between bits when 
initially drilling the artificial reference stone (ARS) before drilling the samples. Due to these 
variables, the data produced by samples able to be mounted into the drill may be more 
reliable.
7.12 Scanning Electron Microscopy (SEM) Analysis
 Scanning electron microscopy allowed for the observation of PROSOCO 
Conservare® OH100 on the surface of the consolidated stone samples. Observations 
were made on a Quanta 600F Scanning Electron Microscope at 150x, 500x, and 1500x 
magnification. An uneven textured surface with variable sized angular grains was observed 
on the unconsolidated cut samples (Fig. 7.10, 7.12). The surface of the consolidated cut 
Graph 7.10. Average drill resistance for dry consolidated (C) cubes before and after freeze/thaw 
cycling.
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samples was more even in texture and a light halo effect was created around the stone 
grains (Fig. 7.11, 7.13). This halo effect was the reflection of the consolidant, which filled in 
uneven areas on and around grains, creating a homogenous film on the stone surface. The 
consolidant did not appear to fill in natural pores in the stone (Fig. 7.14). The characteristic 
cracking of ethyl silicates was seen under 5000x resolution but was no observed under 
lower magnifications (Fig. 7.15). Similar surface texture variations between unconsolidated 
and consolidated stones were seen on the weathered bulk samples. The images were not as 
clear due to the unevenness of the stone.
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Figure 7.10. SEM image of the unconsolidated cut sample at 500x magnification, 
2013. 
Figure 7.11. SEM image of the consolidated cut sample at 500x magnification, 2013.
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Figure 7.12. SEM image of the unconsolidated cut sample at 1500x magnification, 
2013. 
Figure 7.13. SEM image of the unconsolidated cut sample at 1500x magnification, 
2013. 
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Figure 7.14. SEM image of natural holes in the consolidated cut sample at 150x 
magnification, 2013. 
Figure 7.15. SEM image of characteristic ethyl silicate cracking at 5000x magnification, 
2013. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS
 In the introduction of this thesis, it was stated that the assessment and evaluation 
of a successful consolidation treatment would be based on the performance criteria of the 
following: depth of penetration strength of the treatment and the creation of a continuous 
hardness profile, minimal reduction of water vapor permeability, absence of deleterious 
chemical or physical interactions between the consolidant and the building stone, and 
finally, and minimal or no aesthetic alterations in gloss, color, and texture.
  The results of this study indicate that PROSOCO Conservare® OH100 imparted 
additional strength to the serpentine stone matrix and created a continuous hardness 
profile. Resistance profiles show that the consolidant sufficiently penetrated the serpentine 
stone and strengthened it beyond the average (10mm) zone of deterioration on the stone 
surface. The performance of the bulk samples is particularly telling of how a stone installed 
in the wall of the 19th Street Baptist Church would react to the treatment.  The ethyl silicate 
consolidant did not significantly impact the water absorption, drying, and water vapor 
transmission rates of the stone, but did impart some water repellency to the stone. The 
consolidant did not cause color change or any other alterations to the stone’s appearance. 
All tolerances of the stone are not known.
8.1 Future Testing
 The testing performed in this thesis is a beginning in understanding the weathering 
of serpentine and its mitigation using ethyl silicate consolidation. Further scanning 
electron microscopy (SEM) is recommended with the addition of energy dispersive 
x-ray spectroscopy (EDS) to understand depth of penetration and consolidant behavior 
as time progresses. X-ray diffraction (XRD) would be useful to further characterize 
serpentine mineral composition. Freeze/thaw testing should be continued until stone 
failure and additional resistance drilling is recommended to continuously evaluate stone 
resistance. The creation of thin sections from freeze/thaw cycled stone is recommended 
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for observation of microcracks and stone performance and durability. Tensile strength, 
compressive strength, retreatment studies, and salt crystallization resistance are also 
recommended for testing.
8.2 Recommendations
 The results of this thesis provide recommendations for future conservation options 
for the 19th Street Baptist Church and other serpentine buildings throughout metropolitan 
areas in the Mid-Atlantic and South Atlantic regions. Consolidation of the serpentine stone 
is the backbone of the conservation plan for the 19th Street Baptist Church and it is the first 
step necessary to stabilize the veneer stone. Without the creation of this cohesive stone 
surface, pinning and grouting treatments are impossible and impractical. It is recommended 
that the cement stucco remaining on the 19th Street Baptist Church be removed, as it is 
a safety hazard and exacerbates serpentine damage from water entrapment. Serpentine 
should be tooled back to a sound surface to allow for the application of consolidation 
treatments. Where consolidation proves impossible due to deep weathering, stones should 
be replaced in kind or with precast stone replacements. 
 It is of paramount importance that the original serpentine material be kept intact 
whenever possible and that the building retain its designed polychromatic appearance. 
This thesis proves that serpentine stone strength and performance can be positively 
impacted by consolidation treatments. A stone that was thought to not be salvageable can be 
saved, strengthened, and conserved as a building material. There is hope for the 19th Street 
Baptist Church and this is the first step.
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GLOSSARY OF SERPENTINE STONE CONDITIONS
19th STREET BAPTIST CHURCH, PHILADELPHIA, PA
   DEFINITION                                    GRAPHIC                 IMAGE
SURFACE WEATHERING
Surface weathering defined by large 
areas of coarse texture, 
localized loss, or reduction of surface 
details (weathered edges or areas) 
that do not have total loss.
SURFACE LOSS >11/2” 
Distinctive localized or overall pat-
terns of stepped irregular surface loss 
associated with cracks and foliation 
planes.
SURFACE LOSS <11/2” 
Distinctive localized or overall pat-
terns of stepped irregular surface loss 
associated with cracks and foliation 
planes.
EXFOLIATION
Surface with active disaggregation 
of individual grains and/or shallow 
flakes that dislodge under finger pres-
sure.
EXPOSED/MISSING RUBBLE CORE
Exposed or missing rubble backup 
stone due to loss of exterior veneer 
stone.
CEMENTITIOUS STUCCO
Remaining cementitious stucco still 
attached to the serpentine veneer 
stone.
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APPENDIX B
Weather and Climate Data
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PHILADELPHIA         PA
Latitude = 39.88 N WMO No. 724080
Longitude = 75.25 W Elevation =    30 feet
Period of Record = 1973 to 1996 Average Pressure = 29.98 inches Hg
Design Criteria Data
Mean Coincident (Average) Values
 Design  Wet Bulb  Humidity  Wind  Prevailing
 Value  Temperature  Ratio  Speed  Direction
Dry Bulb Temperature (T)  (oF)  (oF)  (gr/lb)  (mph)  (NSEW)
Median of Extreme Highs 97 78 111 11.2 W
0.4% Occurrence 93 76 107 10.6 SW
1.0% Occurrence 90 75 105 10.5 SW
2.0% Occurrence 88 73 101 10.1 SW
Mean Daily Range 17 - - - -
97.5% Occurrence 20 17 8 11.3 W
99.0% Occurrence 15 13 6 11.2 W
99.6% Occurrence 11 9 5 11.6 W
Median of Extreme Lows 6 4 4 10.6 W
Mean Coincident (Average) Values
Design  Dry Bulb  Humidity  Wind  Prevailing
Value  Temperature  Ratio  Speed  Direction
Wet Bulb Temperature (Twb)  (oF)  (oF)  (gr/lb)  (mph)  (NSEW)
Median of Extreme Highs 82 93 142 10.6 WSW
0.4% Occurrence 79 89 130 10.2 SW
1.0% Occurrence 77 86 124 9.6 SW
2.0% Occurrence 76 84 121 9.3 SW
Mean Coincident (Average) Values
Design  Dry Bulb  Vapor  Wind  Prevailing
Value  Temperature  Pressure  Speed  Direction
Humidity Ratio (HR) (gr/lb)  (oF) (in. Hg)  (mph)  (NSEW)
Median of Extreme Highs 147 88 0.97 10.0 SW
0.4% Occurrence 134 84 0.90 8.5 SW
1.0% Occurrence 127 82 0.85 8.9 SW
2.0% Occurrence 123 80 0.82 8.7 SW
Air Conditioning/ T > 93oF T > 80oF Twb > 73oF Twb > 67oF
Humid Area Criteria # of Hours 39 799 573 1635
Other Site Data
Rain Rate  Basic Wind Speed  Ventilation Cooling Load Index
Weather 100 Year Recurrence  3 sec gust @ 33 ft  (Ton-hr/cfm/yr) Base 75oF-RH 60%
Region  (in./hr) 50 Year Recurrence (mph)  Latent + Sensible
7 3.1 110  2.5 +  0.8
Ground Water Frost Depth Ground Snow Load  Average Annual
Temperature (oF) 50 Year Recurrence 50 Year Recurrence  Freeze-Thaw Cycles
50 Foot Depth * (in.)  (lb/ft2)  (#)
57.6 22 14 52
*Note:  Temperatures at greater depths can be estimated by adding 1.5oF per 100 feet additional depth.
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PHILADELPHIA         PA WMO No. 724080
Dry-Bulb Temperature Hours For An Average Year  (Sheet 1 of 5)
Period of Record = 1973 to 1996
           January            February             March
Hour M Hour M Hour M
       Group (LST) C        Group (LST) C        Group (LST) C
Temperature 01 09 17 W 01 09 17 W 01 09 17 W
Range To To To Total B To To To Total B To To To Total B
(oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF)
 100 / 104
  95 /  99
  90 /  94
  85 /  89 0 0 68.0
  80 /  84 1 0 1 65.2
  75 /  79 3 1 4 61.1
  70 /  74 0 0 64.0 0 0 0 60.2 5 2 7 58.7
  65 /  69 0 1 0 1 62.1 0 3 0 3 53.3 1 9 5 15 55.9
  60 /  64 1 2 2 5 57.1 1 4 3 8 53.4 4 16 9 29 53.3
  55 /  59 3 6 4 13 53.2 2 9 6 17 50.7 8 28 19 55 49.5
  50 /  54 3 11 6 20 47.3 4 16 11 31 46.5 16 38 33 87 45.5
  45 /  49 7 21 13 41 42.1 12 27 18 57 42.0 27 45 42 114 41.1
  40 /  44 16 38 28 82 37.6 20 35 30 85 37.5 49 44 53 146 37.3
  35 /  39 42 50 47 139 33.4 32 39 43 114 32.9 57 31 44 132 32.8
  30 /  34 52 46 54 152 28.9 45 38 42 125 28.3 44 17 25 86 28.4
  25 /  29 44 32 38 114 24.0 42 29 35 106 23.3 25 6 11 42 23.4
  20 /  24 32 22 29 83 19.2 35 15 22 72 19.1 10 3 4 17 19.0
  15 /  19 25 10 17 52 14.8 18 6 9 33 14.5 4 1 2 7 14.5
  10 /  14 15 5 6 26 10.2 9 3 3 15 10.0 2 0 0 2 10.1
   5 /   9 5 2 2 9 5.6 3 1 1 5 5.7 0 0 7.1
   0 /   4 3 0 1 4 0.6 1 0 0 1 1.8
  -5 /  -1 1 0 0 1 -3.4
 -10 /  -6 0 0 0 0 -6.3
Caution:  This summary reflects the typical distribution of temperature in a typical year.  It does not reflect
the typical moisture distribution.    Because wet bulb temperatures are averaged, this summary understates
the annual moisture load.  For accurate moisture load data, see the long-term humidity summary and the
ventilation and infiltration load pages in this manual.
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PHILADELPHIA         PA WMO No. 724080
Dry-Bulb Temperature Hours For An Average Year  (Sheet 2 of 5)
Period of Record = 1973 to 1996
April May June
Hour M Hour M Hour M
       Group (LST) C        Group (LST) C        Group (LST) C
Temperature 01 09 17 W 01 09 17 W 01 09 17 W
Range To To To Total B To To To Total B To To To Total B
(oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF)
 100 / 104 0 0 80.0
  95 /  99 0 0 74.5 2 0 2 75.6
  90 /  94 1 0 1 67.8 4 0 4 72.1 14 2 16 74.3
  85 /  89 3 1 4 66.4 11 3 14 69.8 0 33 12 45 72.3
  80 /  84 4 2 6 65.3 0 23 10 33 67.4 3 58 29 90 69.3
  75 /  79 0 10 4 14 61.9 2 36 20 58 64.7 19 58 47 125 67.3
  70 /  74 1 20 11 32 58.8 11 47 34 92 61.7 60 40 64 164 65.6
  65 /  69 5 30 17 52 55.9 31 46 47 124 59.0 69 21 49 139 61.9
  60 /  64 16 38 32 86 52.8 56 38 53 147 56.2 54 11 27 92 57.6
  55 /  59 25 44 40 109 49.5 61 27 44 132 52.1 25 2 8 35 53.0
  50 /  54 42 42 48 132 46.0 53 12 28 93 48.1 8 0 1 9 48.8
  45 /  49 63 30 46 139 42.0 26 3 9 38 43.6 2 0 2 44.3
  40 /  44 49 12 27 88 37.8 7 0 1 8 38.5 0 0 41.0
  35 /  39 26 4 9 39 32.8 1 1 32.7
  30 /  34 11 1 3 15 28.7
  25 /  29 2 0 0 2 23.0
  20 /  24 0 0 0 0 18.7
  15 /  19 0 0 16.0
  10 /  14
   5 /   9
   0 /   4
  -5 /  -1
 -10 /  -6
Caution:  This summary reflects the typical distribution of temperature in a typical year.  It does not reflect
the typical moisture distribution.    Because wet bulb temperatures are averaged, this summary understates
the annual moisture load.  For accurate moisture load data, see the long-term humidity summary and the
ventilation and infiltration load pages in this manual.
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PHILADELPHIA         PA WMO No. 724080
Dry-Bulb Temperature Hours For An Average Year  (Sheet 3 of 5)
Period of Record = 1973 to 1996
July            August           September
Hour M Hour M Hour M
       Group (LST) C        Group (LST) C        Group (LST) C
Temperature 01 09 17 W 01 09 17 W 01 09 17 W
Range To To To Total B To To To Total B To To To Total B
(oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF)
 100 / 104 1 0 1 81.8
  95 /  99 8 1 9 78.0 4 1 5 77.0 1 1 75.9
  90 /  94 0 29 7 36 75.9 21 4 25 76.0 4 1 5 75.3
  85 /  89 1 63 26 90 73.5 0 53 18 71 73.5 0 18 3 21 72.5
  80 /  84 14 72 53 139 71.5 7 78 45 130 71.2 1 35 13 49 70.4
  75 /  79 60 47 71 179 70.1 49 55 72 176 70.0 11 49 31 91 68.0
  70 /  74 97 22 62 182 67.7 96 27 68 191 67.5 40 57 54 151 65.4
  65 /  69 51 5 22 78 62.9 60 8 30 98 63.0 54 43 51 148 61.5
  60 /  64 20 1 4 25 58.3 27 2 9 38 58.7 57 25 55 137 57.7
  55 /  59 4 1 5 53.5 7 0 1 8 53.6 46 6 24 76 53.1
  50 /  54 0 0 47.7 1 0 0 1 48.2 21 1 8 30 47.9
  45 /  49 0 0 43.6 9 0 2 11 43.9
  40 /  44 1 0 1 40.6
  35 /  39
  30 /  34
  25 /  29
  20 /  24
  15 /  19
  10 /  14
   5 /   9
   0 /   4
  -5 /  -1
 -10 /  -6
Caution:  This summary reflects the typical distribution of temperature in a typical year.  It does not reflect
the typical moisture distribution.    Because wet bulb temperatures are averaged, this summary understates
the annual moisture load.  For accurate moisture load data, see the long-term humidity summary and the
ventilation and infiltration load pages in this manual.
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PHILADELPHIA         PA WMO No. 724080
Dry-Bulb Temperature Hours For An Average Year  (Sheet 4 of 5)
Period of Record = 1973 to 1996
           October           November           December
Hour M Hour M Hour M
       Group (LST) C        Group (LST) C        Group (LST) C
Temperature 01 09 17 W 01 09 17 W 01 09 17 W
Range To To To Total B To To To Total B To To To Total B
(oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF) 08 16 00 Obs (oF)
 100 / 104
  95 /  99
  90 /  94
  85 /  89 0 0 70.0
  80 /  84 6 0 6 69.5 0 0 65.8
  75 /  79 0 15 3 18 66.8 3 3 64.9
  70 /  74 4 33 12 49 63.7 7 2 9 63.2 0 0 61.0
  65 /  69 12 41 27 80 60.5 4 15 7 26 60.5 0 1 0 1 61.6
  60 /  64 29 52 45 126 56.4 10 26 18 54 56.7 2 5 4 11 57.8
  55 /  59 47 50 54 151 51.8 18 35 26 79 51.7 5 10 7 22 52.8
  50 /  54 51 33 49 133 47.5 29 43 36 108 47.0 10 22 13 45 47.7
  45 /  49 52 13 38 103 43.2 37 46 45 128 42.0 15 43 24 82 42.4
  40 /  44 36 3 15 54 39.0 47 37 52 136 37.5 34 49 49 132 38.0
  35 /  39 14 1 4 19 34.5 49 20 37 106 33.1 51 49 55 155 33.0
  30 /  34 4 0 0 4 29.2 32 5 14 51 28.8 54 31 43 128 28.6
  25 /  29 0 0 25.5 12 1 4 17 24.5 37 20 27 84 23.9
  20 /  24 3 0 1 4 19.4 19 12 16 47 19.0
  15 /  19 0 0 0 0 15.5 13 4 8 25 14.8
  10 /  14 6 1 2 9 10.7
   5 /   9 2 1 1 4 5.8
   0 /   4 1 0 0 1 1.0
  -5 /  -1 0 0
 -10 /  -6
Caution:  This summary reflects the typical distribution of temperature in a typical year.  It does not reflect
the typical moisture distribution.    Because wet bulb temperatures are averaged, this summary understates
the annual moisture load.  For accurate moisture load data, see the long-term humidity summary and the
ventilation and infiltration load pages in this manual.
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PHILADELPHIA         PA WMO No. 724080
Dry-Bulb Temperature Hours For An Average Year  (Sheet 5 of 5)
Period of Record = 1973 to 1996
        Annual Totals
Hour M
       Group (LST) C
Temperature 01 09 17 W
Range To To To Total B
(oF) 08 16 00 Obs (oF)
 100 / 104 1 0 1 81.6
  95 /  99 15 2 17 77.3
  90 /  94 0 73 15 88 75.3
  85 /  89 2 180 63 245 72.8
  80 /  84 25 276 152 453 70.4
  75 /  79 141 276 248 665 68.5
  70 /  74 308 259 306 874 65.6
  65 /  69 285 223 255 763 60.8
  60 /  64 277 222 258 757 56.4
  55 /  59 250 217 235 702 51.6
  50 /  54 238 218 234 690 47.0
  45 /  49 250 228 237 715 42.2
  40 /  44 261 220 256 737 37.7
  35 /  39 272 193 240 705 33.0
  30 /  34 242 139 182 563 28.6
  25 /  29 163 88 116 367 23.7
  20 /  24 99 53 73 225 19.1
  15 /  19 61 21 35 117 14.7
  10 /  14 31 9 11 51 10.2
   5 /   9 10 3 4 17 5.7
   0 /   4 5 1 2 8 0.9
  -5 /  -1 1 0 0 1 -3.4
 -10 /  -6 0 0 0 0 -6.3
Caution:  This summary reflects the typical distribution of temperature in a typical year.  It does not reflect
the typical moisture distribution.    Because wet bulb temperatures are averaged, this summary understates
the annual moisture load.  For accurate moisture load data, see the long-term humidity summary and the
ventilation and infiltration load pages in this manual.
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PHILADELPHIA         PA WMO No. 724080
Long Term Dry Bulb Temperature and Humidity Summary
Week 1.0% MCWB @ Mean Max Mean Min 99% 1.0% MCDB @ Mean Max Mean Min
Ending Temp (oF) 1% Temp (oF) Temp (oF) Temp (oF) Temp (oF) HR (gr/lb) 1% HR (oF) HR (gr/lb) HR (gr/lb)
7-Jan 59.0 55.4 39.4 26.6 12.0 62.3 56.8 26.6 14.0
14-Jan 60.0 56.2 37.2 23.6 6.0 66.5 58.7 25.1 12.3
21-Jan 61.0 56.7 37.9 23.2 -1.0 70.0 57.8 25.2 13.0
28-Jan 58.0 53.9 40.6 25.4 10.0 64.4 57.1 27.3 14.0
4-Feb 58.0 52.4 40.4 25.1 11.0 58.8 55.9 25.6 12.8
11-Feb 57.0 51.5 37.5 22.5 8.0 51.1 53.0 20.7 11.0
18-Feb 61.0 54.4 40.8 25.3 7.0 59.5 57.0 26.3 13.7
25-Feb 64.0 52.1 48.1 31.5 17.0 66.5 58.3 34.4 19.1
4-Mar 64.0 55.8 45.1 29.7 16.0 68.6 59.6 27.9 14.9
11-Mar 66.0 55.4 49.0 32.1 15.0 65.8 58.4 34.5 18.5
18-Mar 74.0 62.3 52.2 34.4 21.0 80.5 64.6 35.0 18.6
25-Mar 70.0 57.0 53.3 35.4 24.0 65.1 58.3 34.7 19.2
1-Apr 77.0 58.9 58.1 39.7 28.0 74.9 65.8 42.1 24.6
8-Apr 74.0 61.3 58.1 40.3 29.0 77.7 65.4 42.8 23.8
15-Apr 76.0 62.9 60.4 41.0 31.0 80.5 68.8 43.2 24.5
22-Apr 86.0 67.0 66.4 46.1 35.0 83.3 75.1 51.3 31.5
29-Apr 85.0 66.0 67.5 47.6 39.0 86.1 74.2 54.4 33.3
6-May 82.0 65.6 68.8 50.3 43.0 92.4 69.6 58.5 36.6
13-May 86.0 69.7 71.8 51.6 43.0 99.4 75.9 63.8 40.1
20-May 88.0 71.2 73.4 54.6 44.0 108.5 79.1 73.1 48.2
27-May 89.0 72.0 76.1 57.2 49.0 111.3 82.3 77.8 53.2
3-Jun 91.0 72.5 78.3 59.7 51.0 118.3 81.1 86.4 58.8
10-Jun 91.0 72.4 80.0 61.5 52.0 121.8 82.4 89.9 61.5
17-Jun 93.0 74.3 81.9 62.9 53.0 130.2 84.3 93.7 65.3
24-Jun 93.0 75.5 83.4 65.3 57.0 131.6 84.3 100.8 70.8
1-Jul 92.0 74.4 83.5 65.2 57.0 128.8 82.7 98.1 69.1
8-Jul 95.0 76.7 84.9 67.2 58.0 135.1 85.6 107.6 78.7
15-Jul 96.0 76.6 86.9 69.2 61.0 142.1 91.0 113.2 80.5
22-Jul 96.0 79.6 87.6 70.1 64.0 140.0 85.1 116.2 86.8
29-Jul 93.0 77.8 85.9 69.4 62.0 140.7 86.4 113.4 82.6
5-Aug 95.0 75.8 87.0 69.9 63.0 136.5 80.9 115.1 86.2
12-Aug 92.0 77.3 85.0 68.7 60.0 136.5 83.5 111.7 82.7
19-Aug 92.0 76.8 84.3 68.0 59.0 135.8 84.2 109.1 79.2
26-Aug 92.0 74.2 82.8 65.5 58.0 130.9 83.0 100.4 71.4
2-Sep 95.0 77.1 83.9 67.0 55.0 134.4 84.8 107.1 76.6
9-Sep 90.0 73.9 81.2 64.0 54.0 130.9 80.1 95.9 69.4
16-Sep 89.0 73.6 78.9 60.9 50.0 123.2 79.3 89.8 61.1
23-Sep 85.0 72.5 74.9 58.4 48.0 126.0 79.7 86.9 59.9
30-Sep 81.0 73.7 71.8 55.1 45.0 119.0 76.9 76.7 51.2
7-Oct 81.0 69.4 69.7 52.2 41.0 111.3 73.5 71.9 47.4
14-Oct 80.0 70.0 66.8 49.0 37.0 115.5 72.3 64.2 42.6
21-Oct 78.0 67.3 65.2 46.7 35.0 102.9 72.4 60.0 37.5
28-Oct 75.0 63.7 63.8 45.8 35.0 95.9 71.1 57.9 36.4
4-Nov 75.0 65.8 61.6 44.4 33.0 93.1 66.1 52.6 33.5
11-Nov 72.0 64.7 57.4 41.3 30.0 91.7 68.2 48.1 28.9
18-Nov 70.0 60.9 54.5 37.9 27.0 86.1 68.2 41.8 23.7
25-Nov 68.0 62.6 52.8 37.1 24.0 83.3 66.6 41.3 24.2
2-Dec 67.0 63.7 51.0 35.0 23.0 86.8 65.0 40.3 21.6
9-Dec 64.0 59.4 47.6 32.7 19.0 77.7 63.9 35.8 18.3
16-Dec 58.0 54.8 44.2 30.6 14.0 62.3 55.6 32.3 18.2
23-Dec 60.0 58.7 41.4 27.7 13.0 71.4 58.9 28.2 15.2
31-Dec 62.0 57.9 41.8 27.3 7.0 67.2 60.0 30.1 15.3
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PHILADELPHIA         PA WMO No. 724080
Degree Days, Heating and Cooling
(Base 65oF)
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 Mean Cooling Degree Days  Mean Heating Degree Days
       Mean Cooling        Mean Heating
     Degree Days (oF)      Degree Days (oF)
JAN 0 1028
FEB 0 873
MAR 6 682
APR 28 376
MAY 105 146
JUN 246 27
JUL 383 4
AUG 342 7
SEP 160 65
OCT 33 294
NOV 5 547
DEC 0 871
ANN 1307 4920
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PHILADELPHIA         PA WMO No. 724080
Average Ventilation and Infiltration Loads
(Outside Air vs. 75oF, 60% RH summer; 68oF, 30% RH winter)
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 Average Sensible Cooling Load  Average Sensible Heating Load
 Average Latent Cooling (Drying) Load  Average Latent Heating (Humidifying) Load
   Average Sensible    Average Sensible      Average Latent      Average Latent
      Cooling Load       Heating Load       Cooling Load       Heating Load
(Btu/cfm) (Btu/cfm) (Btu/cfm) (Btu/cfm)
JAN 0 -29067 2 -6403
FEB 0 -24816 1 -5741
MAR 15 -20037 11 -3950
APR 129 -11815 52 -1699
MAY 595 -5311 1076 -256
JUN 1796 -1307 4760 -5
JUL 3391 -275 10044 0
AUG 2743 -451 8981 -1
SEP 883 -2691 3769 -30
OCT 75 -9658 748 -516
NOV 6 -16427 121 -2364
DEC 0 -24977 10 -4946
ANN 9633 -146832 29575 -25911
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Wind Summary - December, January, and February
Labels of Percent Frequency on North Axis
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Wind Summary - March, April, and May
Labels of Percent Frequency on North Axis
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Wind Summary - June, July, and August
Labels of Percent Frequency on North Axis
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Wind Summary - September, October, and November
Labels of Percent Frequency on North Axis
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APPENDIX C
Product Data and Material Safety Data Sheets
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Typical Technical daTa
ADVANTAGES
• One component – easy-to-use. Strengthens 
deteriorated stone.
• Low viscosity allows deep penetration. Will 
not form hardened surface crust.
• The new binder is mineral – similar to the 
original stone – no synthetic polymers.
• Rapid tack free drying – no dirt attraction.
• Forms no by-products harmful to the 
masonry.
• Treated surfaces “breathe” – does not trap 
moisture.
• New binder is acid resistant – resists acid 
rain.
OH100 Consolidation Treatment
penetrating stone & masonry strengthener
Product Data Sheet • Page 1 of 4 • Item #42015 • CVOH100 - 063011 • ©2011 PROSOCO • www.prosoco.com
Of all materials currently and historically employed 
in construction, masonry is one of the most 
durable. What has become apparent in recent 
years, however, is that masonry materials are not 
as enduring as once believed.
Placed in contemporary urban environments, 
these “timeless” materials decay at an alarming 
rate. Some deterioration may be attributed to 
the masonry’s natural weathering process. The 
majority of the deterioration, however, is the 
result of oversights in use and maintenance of the 
masonry, and of the impact that industrialization 
has had on our environment, i.e. “acid 
deposition.”
The intent of all conservation treatments is to 
restore the structural integrity to crumbling, 
decaying masonry and/or provide a means of 
controlling future decay. The failure of many 
conservation treatments lies in their inherent 
dissimilarity to the masonry for which they are 
proposed as a preservative. When selecting 
a conservation treatment, an important 
consideration is to identify those treatments with 
physical and chemical characteristics similar to the 
masonry itself.
Conservare® Consolidation Treatments are based 
on silicic ethyl esters. Their extremely small 
molecular structure enables them to penetrate 
deeply into deteriorated masonry surfaces, 
collecting at contact points between individual 
stone grains. An internal catalyst and atmospheric 
humidity then convert the liquid consolidant into 
a glass-like silicon dioxide (Si02) gel which binds 
the stone particles together. Exhibiting chemical 
characteristics and thermal expansion/contraction 
characteristics which are virtually identical to 
that of natural stone, the newly deposited Si02 
cementing matrix replaces the stone’s natural 
cement which has been lost due to weathering 
influences.
OVERVIEW
Conservare® OH100 is a ready-to-use 
consolidation treatment that stabilizes masonry by 
replacing the natural binding materials, lost due 
to weathering, with silicon dioxide. When properly 
applied, Conservare® OH100 penetrates deeply, 
does not form a dense surface crust, and retains 
the substrate’s natural vapor permeability.
In addition to the general consolidation of severely 
deteriorated masonries, Conservare® OH100 is an 
effective pretreatment for friable substrates that 
need to be strengthened before cleaning, patching 
or coating. Conservare® OH100 may be used 
on most types of natural stone, concrete, stucco, 
brick, terra-cotta, etc.
Conservare® OH100 is effective on unpolished 
marble, travertine and limestone that has been 
treated with Conservare® HCT (Hydroxylating 
Conversion Treatment).
SpEcIfIcATIONS
For all PROSOCO product specifications visit 
www.prosoco.com and click on “SpecBuilder” or 
“Solution Finder.“
PRODUCT DATA SHEET
04 00 00 Masonry
04 40 00 Stone Assemblies
04 20 00 Unit Masonry
FORM Colorless to slight yellow
SPECIFIC GRAVITY 0.997
pH Not applicable
WT/GAL 8.30 lbs
ACTIVE CONTENT 100%
TOTAL SOLIDS 43% ASTM D 5095
VOC CONTENT >400 g/L
FLASH POINT 104°F (40°C) 
FREEZE POINT <–22°F (<–30°C)
SHELF LIFE 1 year in tightly sealed, unopened 
container
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ThE ImpORTANcE Of 
pRETESTING
Since building materials differ in their nature and 
degree of deterioration, each conservation project 
poses unique problems and requirements. To gain 
a full understanding of the ongoing deterioration 
and determine necessary stabilization/
conservation measures, a number of laboratory 
and field tests are required.
Laboratory Testing
a. Evaluates the physical and chemical 
characteristics of the substrate(s) to confirm 
whether consolidation is possible.
b. Identifies the cause(s) of deterioration and 
surface preparation procedures necessary for 
conservation treatment. 
c. Determines the most appropriate conservation 
agent(s) and field application procedures.
For more information on the recommended 
testing program, read the Conservare® Stone 
Testing Brochure and contact your PROSOCO 
representative to arrange a job-site visit.
On-Site Testing
Following lab testing, a test area should be 
cleaned and allowed to dry. An application of 
Conservare® OH100 Consolidation Treatment 
is made following specific recommendations 
provided by the laboratory analysis. The job 
site test area should be as large as possible 
and representative of the condition of the entire 
project. 
The test area is necessary to confirm application 
procedures under job site conditions and allow 
calculation of the masonry’s consumption rate. 
The on-site tests also provide a visible sample 
of the effects of the treatment on actual job 
surfaces. Additional core samples can be taken 
from the test area and tested to verify depth of 
penetration and proper application procedures.
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Limitations
• Effective consolidation requires thorough 
laboratory and field pretesting. Contact 
PROSOCO for information on the 
recommended test programs.
• Limited shelf life – remains storage stable 
for approximately 12 months in sealed 
containers. Treated areas may bond to silicone 
and polyurethane molds (frequently used for 
casting replacement stone). Use a release 
agent to prevent molding compounds from 
adhering to the treated surface.
• Not suitable for architectural concrete block and 
some types of marble.
•Not suitable for use on polished marble, 
travertine, limestone or granite. 
• Will not prevent water penetration through 
structural cracks, defects or open joints.
• Not recommended for below-grade application.
• May not be suitable for sale in states and 
districts with more restrictive AIM VOC 
regulations. Available in regulation-exempt 
small container sizes. Call Customer Care at 
800-255-4255 for assistance.
REGULATORY 
cOmpLIANcE
VOC Compliance
Conservare® OH100 Consolidation Treatment is 
compliant with the following national, state and 
district AIM VOC regulations 
X  US Environmental Protection Agency
 California Air Resources Board SCM Districts
 South Coast Air Quality Management District
 Maricopa County, AZ
 Northeast Ozone Transport Commission
Manufactured and marketed in compliance with 
USEPA AIM VOC regulations (40 CFR 59.403). 
VOC Information
pREpARATION
Following lab and on-site testing, clean the 
building with the appropriate Sure Klean® product. 
In most cases, surface contaminants such as 
carbon crust, salts, pigeon droppings, mildew and 
atmospheric stains must be completely removed 
to assure thorough penetration of Conservare® 
OH100. In addition, surface sealers and 
repellents which may have been applied must 
be thoroughly removed. Contact Customer Care 
at (800) 255-4255 for additional cleaning 
recommendations.
In cases where even the most sympathetic 
cleaning program would remove an unacceptable 
level of surface detail, Conservare® OH100 
Consolidation Treatment may be applied to the 
soiled surface to preconsolidate the stone. If such 
pre-consolidation is necessary, further evaluation 
will be required to ensure that no undesirable 
reactions take place between the consolidation 
treatment and the surface contaminants which 
may interfere with further conservation measures, 
i.e. subsequent cleaning, general consolidation, 
patching/repair, etc.
Protect people, vehicles, property, metal, glass, 
foliage, painted surfaces and all non masonry 
surfaces from contact with product, fumes or wind 
drift. Protect and/or divert pedestrian and auto 
traffic.
Ensure fresh air entry and cross ventilation during 
application and drying. Extinguish all flames, 
pilot lights and other potential sources of ignition 
during use and until all vapors are gone. When 
applying to exteriors of occupied buildings, 
make sure all windows, exterior intakes and air 
OH100 Consolidation Treatment
ALWAYS TEST a small area of each surface 
to confirm suitability and desired results 
before starting overall application. Test with 
the same equipment, recommended surface 
preparation and application procedures 
planned for general application.
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conditioning vents are covered and air handling 
equipment is shut down during application and 
until all vapors have dissipated. 
Surface and Air Temperatures
Surface and air temperatures should be between 
50–90°F (10–32°C) during application. 
Relative humidity should be greater than 40%. 
Excessive surface heating can be prevented by 
shading with awnings. 
Protect surface to be treated from direct sunlight 
for several hours prior to beginning application. 
When possible, initiate treatment when 
surfaces are shaded. Keep surface temperature 
relatively cool to prevent too rapid evaporation 
of Conservare® OH100 and to ensure proper 
penetration. Do not apply during rain, to wet 
surfaces or when there is a chance of rain. Protect 
from rain for two days following application. 
Equipment
Apply by low-pressure spray, brush or dipping. 
Larger surfaces should be treated using low-
pressure spray equipment, small areas with 
spray tanks. Mobile objects such as sculptures 
are best treated indoors by dipping or with the 
use of compresses. Contact Customer Care at 
800-255-4255 or your local sales manager for 
more information.
Storage and Handling
Store in a cool, dry place away from potential 
ignition sources. Keep tightly closed when not 
dispensing. Published shelf life assumes upright 
storage of factory-sealed containers in a dry place. 
Maintain temperature of 45–100°F (7–38°C). 
Do not double stack pallets. Dispose of unused 
product and container in accordance with local, 
state and federal regulations.
AppLIcATION
Before use, read “Preparation” and “Safety 
Information.”
Dilution
Use in concentrate. Do not dilute or alter. Stir or 
mix well before use. 
Coverage Rates
Coverage rates vary depending on the substrate 
and degree of deterioration. Laboratory and field 
testing are necessary to confirm desired results 
and application procedures. 
Application Instructions
Ensure proper penetration and prevent crust 
formations by applying Conservare® OH100 in 
repeated applications referred to as “cycles.” 
A cycle consists of three successive saturating 
applications at 5–15 minute intervals. Typical 
treatments involve two or three cycles (6–9 
separate applications). Allow 20 to 60 minutes 
between cycles. Laboratory testing will determine 
the optimum delay between applications and 
between cycles. Additional material should be 
applied until excess material remains visible 
on the surface for 60 minutes following the 
last application. Once this degree of saturation 
is achieved over the entire surface, the first 
treatment is complete. Immediately flush excess 
surface materials using industrial grade MEK 
(methyl ethyl ketone) or mineral spirits. If a 
second treatment is necessary, allow two to three 
weeks curing time following first treatment. 
NOTE: Laboratory testing will determine the 
absorption profile and conservation capacity of the 
substrate(s). From this information, the optimal 
delay between saturating coats, and dwell time 
between cycles will be prescribed. The work area 
should be limited to a size that can be treated 
within the prescribed time periods.
Proper timing of the application process will 
maximize penetration of the consolidation 
treatment. Deep penetration is critical to the 
long-term benefits of any consolidation treatment.
OH100 Consolidation Treatment
BeST pRacTiceS
pROdUcT daTa SheeT
Since building materials differ in their 
nature and degree of deterioration, 
each conservation project poses unique 
problems and requirements. To gain a full 
understanding of the ongoing deterioration 
and determine necessary stabilization/
conservation measures, a number of 
laboratory and field tests are required.
Protect surface to be treated from direct 
sunlight for several hours prior to beginning 
application. When possible, initiate 
treatment when surfaces are shaded. 
Keep surface temperature relatively cool to 
prevent too rapid evaporation and to ensure 
proper penetration. 
Ensure proper penetration and prevent crust 
formations by applying Conservare® OH100 
in repeated applications referred to as 
“cycles.” A cycle consists of three successive 
saturating applications at 5–15 minute 
intervals. 
Additional material should be applied until 
excess material remains visible on the 
surface for 60 minutes following the last 
application. Once this degree of saturation 
is achieved over the entire surface, the first 
treatment is complete. 
Never go it alone. If you have problems 
or questions, contact your local PROSOCO 
distributor or field representative. Or call 
PROSOCO technical Customer Care, toll-free, 
at 800-255-4255.
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Inhalation: Remove to fresh air. Give artificial 
respiration if not breathing. Get immediate 
medical attention.
24-Hour Emergency Information: 
INFOTRAC at 800-535-5053
WARRANTY
The information and recommendations made are 
based on our own research and the research of 
others, and are believed to be accurate. However, 
no guarantee of their accuracy is made because 
we cannot cover every possible application of 
our products, nor anticipate every variation 
encountered in masonry surfaces, job conditions 
and methods used. The purchasers shall make 
their own tests to determine the suitability of such 
products for a particular purpose. 
PROSOCO, Inc. warrants this product to be 
free from defects. Where permitted by law, 
PROSOCO makes no other warranties with 
respect to this product, express or implied, 
including without limitation the implied 
warranties of merchantability or fitness for 
particular purpose. The purchaser shall be 
responsible to make his own tests to determine 
the suitability of this product for his particular 
purpose. PROSOCO’s liability shall be limited in all 
events to supplying sufficient product to re-treat 
the specific areas to which defective product has 
been applied. Acceptance and use of this product 
absolves PROSOCO from any other liability, from 
whatever source, including liability for incidental, 
consequential or resultant damages whether due 
to breach of warranty, negligence or strict liability. 
This warranty may not be modified or extended 
by representatives of PROSOCO, its distributors or 
dealers.
cUSTOmER cARE
Factory personnel are available for product, 
environment and job-safety assistance with no 
obligation. Call 800-255-4255 and ask for 
Customer Care - technical support. 
Factory-trained representatives are established in 
principal cities throughout the continental United 
States. Call Customer Care at 800-255-4255, or 
visit our web site at www.prosoco.com, to find the 
name of the Conservare® representative in your 
area.
Cleanup
Clean tools and equipment immediately with 
mineral spirits, denatured alcohol or an equivalent 
cleaning solvent. Remove over spray and spills as 
soon as possible.
Post-Treatment
Areas properly treated with Conservare® OH100 
can receive stone repair materials, regrouting 
materials and PROSOCO’s BMC® silicone 
emulsion paints after the consolidation procedures 
have been completed. After curing apply the 
appropriate Sure Klean® Weather Seal water 
repellent to ensure protection from further water 
damage. 
SAfETY INfORmATION
Conservare® OH100 Consolidation Treatment is a 
solvent carried product and may cause symptoms 
typical with organic solvent exposures. This is a 
combustible material. Use appropriate ventilation, 
safety equipment and job site controls during 
application and handling. Read the full label for 
precautionary instructions before use.
First Aid
Ingestion: If swallowed, call a physician 
immediately. Do not induce vomiting except at 
the instruction of a physician. If vomiting occurs, 
keep head below waist to prevent entry of liquid 
into lungs.
Eye Contact: Rinse eyes thoroughly for 15 
minutes. Get medical assistance.
Skin Contact: Rinse thoroughly. Get medical 
attention if irritation persists. Launder 
contaminated clothing before reuse.
OH100 Consolidation Treatment
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MATERIAL SAFETY DATA SHEET 
PROSOCO, Inc. 
 
 
 
I PRODUCT IDENTIFICATION 
    MANUFACTURER'S NAME AND 
ADDRESS: 
PROSOCO, Inc. 
3741 Greenway Circle 
Lawrence, Kansas 66046 
EMERGENCY TELEPHONE NUMBERS: 
8:00 AM - 5:00 PM CST Monday-Friday: 
NON-BUSINESS HOURS (INFOTRAC): 
 
785/865-4200 
800/535-5053 
 
PRODUCT TRADE NAME: Conservare® OH100 Consolidation Treatment 
 
II HAZARDOUS INGREDIENTS 
  
CHEMICAL NAME 
 
(COMMON NAME) 
 
CAS NO. 
 
NFPA CODE 
ACGIH 
TLV/TWA 
 
OSHA PEL/TWA 
Di-n-butyltindilaurate (-) 77-58-7 1,3,0,- Not established Not established 
Organic Tin Compound (-) - Unknown 0.1 mg/m3 0.1 mg/m3 
Ethyl Alcohol (Ethanol) 64-17-5 3,3,0,- 1000 ppm 1000 ppm 
Tetra ethyl silicate (Ethyl Silicate) 78-10-4 2,2,0,- 10 ppm 100 ppm 
* Contains some or all of the listed ingredients. 
 
III PHYSICAL DATA 
 
BOILING POINT 
(°F) 
VAPOR 
PRESSURE 
(mm Hg) 
VAPOR 
DENSITY 
(Air=1) 
EVAPORATION 
RATE  
(1=Butyl 
Acetate) 
Di-n-butyltindilaurate N/A N/A N/A N/A 
Organic Tin Compound >401 0.2 (320F) N/A Very Slow 
Ethyl Alcohol 180 33 (68°F) 3.0 1.9 
Tetra ethyl silicate 302 1.0 (68°F) Unknown Unknown 
 
 SPECIFIC 
GRAVITY 
SOLUBILITY 
IN WATER 
APPEARANCE  
AND ODOR 
Conservare® OH100 Consolidation Treatment 0.997(@ 77°F) Negligible Clear liquid, alcohol 
odor 
 
IV FIRE AND EXPLOSION HAZARD DATA 
 
EMERGENCY OVERVIEW 
 
Conservare® OH100 Consolidation Treatment is a clear liquid with a mild alcohol odor. It is a combustible liquid, remove all potential 
sources of ignition. Product may irritate skin upon contact and may cause lung damage if inhaled. Wear appropriate respiratory 
protection. 
 
FLASH POINT (Method):   104F (40C) (closed cup) 
FLAMMABLE LIMITS:  Not determined. 
EXTINGUISHING MEDIA:  Carbon dioxide, dry chemical, alcohol-resistant foam, sand or water-mist. Do not use direct water stream. Do 
not use direct water stream.  Avoid accumulation of water as product will float. 
SPECIAL FIRE FIGHTING PROCEDURES:  Do not enter confined fire space without proper protective equipment including a 
NIOSH/MSHA approved self-contained breathing apparatus. Cool fire exposed containers, surrounding equipment and 
structures with water. 
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UNUSUAL FIRE AND EXPLOSION HAZARDS:  Vapors are heavier than air and may accumulate in low areas or areas inadequately 
ventilated.  Vapors may also travel along the ground to be ignited at location distant from handling site; flashback of flame to 
handling site may occur. Never use welding or cutting torch on or near drum (even empty) because product (even just residue) 
can ignite explosively. As a result of hydrolysis, flammable vapors may accumulate in the container head space. 
COMBUSTIBLE!  Keep container tightly closed. Isolate from oxidizers, heat, and open flame. Closed containers may explode if 
exposed to extreme heat. Applying to hot surfaces requires special precautions.  
 
V HEALTH HAZARD DATA 
 PRIMARY ROUTES OF EXPOSURE:  Inhalation, skin, eyes. 
CARCINOGEN INFORMATION:  Not listed (OSHA, IARC, NTP). 
MEDICAL CONDITIONS AGGRAVATED BY OVEREXPOSURE:  This product is damaging to the liver and kidneys, and is also toxic to 
the lungs.  Product also causes acute dermatitis and has a narcotic effect. 
EFFECTS OF OVEREXPOSURE:  Highly irritating to eyes.  Moderately irritating to skin.  High concentrations may produce anesthetic or 
narcotic effect.  May cause kidney and liver damage and temporary disorder of sight. 
EYE CONTACT:  Liquid is highly irritating to the eyes. Vapors are also irritating.  Possible moderate corneal injury and temporary 
disorder of sight. 
SKIN CONTACT:  Liquid is moderately irritating to the skin.  Repeated, prolonged contact can result in defatting to the skin which may 
lead to dermatitis. 
INHALATION:  Breathing high vapor concentrations or prolonged breathing of lower concentrations can cause nose and throat irritation 
and may cause headache, dizziness and loss of consciousness. 
INGESTION:  Liquid ingestion may result in vomiting; aspiration of liquid into the lungs must be avoided as liquid contact with the lungs 
can result in chemical pneumonitis and pulmonary edema/hemorrhage. 
EMERGENCY AND FIRST AID PROCEDURES: 
EYE CONTACT:  If in eyes, flush with large amounts of water for 15 minutes, holding eyelids apart to ensure flushing of the entire eye 
surface.  Get medical attention immediately.   
SKIN CONTACT:  Remove material with a waterless skin cleaner, then wash with plenty of soap and water.  Remove contaminated 
clothing and do not reuse until laundered. If persistent irritation occurs, get medical attention. 
INHALATION:  Remove victim to fresh air and provide oxygen if breathing is difficult.  Give artificial respiration if not breathing.  Get 
immediate medical attention.  Designate the product. 
INGESTION:  DO NOT INDUCE VOMITING!  Get immediate medical attention. Designate the product. If vomiting occurs spontaneously, 
keep victim's head below hips to prevent breathing vomitus into lungs. 
 
VI REACTIVITY DATA 
 STABILITY:  Stable at ambient temperatures and atmospheric pressure 
CONDITIONS TO AVOID:  None known. 
INCOMPATIBILITY (MATERIALS TO AVOID):  Oxidizing materials, acids, and alkalis, water 
HAZARDOUS COMBUSTION OR DECOMPOSITION PRODUCTS:  Carbon monoxide, carbon dioxide, silicon dioxide and traces of 
incompletely burned hydrocarbons.  Ethyl alcohol from hydrolysis. 
 
VII SPILL OR LEAK PROCEDURES 
 SPILL, LEAK AND WASTE DISPOSAL PROCEDURES:  STEPS TO BE TAKEN IN CASE MATERIAL IS RELEASED OR SPILLED:   
Eliminate potential sources of ignition. Wear appropriate respirator and other protective clothing. Shut off source of leak only if 
safe to do so. Dike and contain to prevent migration to sewers, soil and surface and ground water. Remove with explosion-proof 
equipment. Soak up residue with a noncombustible absorbent such as clay or vermiculite; place in drums for proper disposal.   
WASTE DISPOSAL METHODS:  Dispose of in a facility approved under RCRA regulations for hazardous waste.  Containers must be 
leak-proof and properly labeled. 
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VIII SPECIAL PROTECTION INFORMATION 
 RESPIRATORY PROTECTION:  Do not breath mists. Wear a NIOSH approved dust/mist respirator as necessary. If Threshold Limit 
Value (TLV) of the product or any component is exceeded, a NIOSH/MSHA jointly approved air-supplied respirator is advised in 
absence of proper environmental control. Engineering or administrative controls should be implemented to reduce exposure. 
VENTILATION:  Provide sufficient general and/or local exhaust ventilation to maintain exposure below TLV(s). Use explosion-proof 
ventilation as required to control vapor concentrations below the TLV(s). Ventilation may be required during product drying and 
curing. 
PROTECTIVE CLOTHING:  Wear protective clothing as required to prevent skin contact. 
PROTECTIVE GLOVES:  Wear solvent-resistant gloves, such as butyl rubber. 
EYE PROTECTION:  Chemical splash goggles in compliance with OSHA regulations are recommended. Do not wear contact lenses 
because they may contribute to the severity of an eye injury. 
OTHER PROTECTIVE EQUIPMENT:  Solvent-resistant boots and headgear as required. An eyewash should be easily accessible from 
the work area. Access to a safety shower is recommended. 
 
IX SPECIAL PRECAUTIONS 
 WORK PRACTICES:  Proper work practices and planning should be utilized to avoid contact with workers, passersby, and non-masonry 
surfaces. Do not atomize during application. Beware of wind drift. Over-application may contribute to fume problems. Always 
follow published application rates. See the Product Data sheet and label for specific precautions to be taken during use. This 
product is combustible!  Always bond and ground containers during transfer. Eliminate all sources of ignition, even remote 
sources, as vapors may travel some distance. Smoking, eating and drinking should be prohibited during the use of this product. 
 Wash hands before breaks and at the end of a shift. 
This product will continue to evolve vapor during drying and ethyl alcohol during curing. Continue ventilation as needed during 
curing. 
PRECAUTIONS TO BE TAKEN IN HANDLING AND STORAGE:  Store away from oxidizing materials, in a cool, dry place with 
adequate ventilation.  Keep away from heat and open flames.  Keep container tightly closed when not dispensing product. 
Wash up with soap and water before eating, drinking, smoking or using toilet facilities.  Launder contaminated clothing before 
reuse. 
Containers of this material may be hazardous when emptied, since emptied containers retain product residues (vapor, liquid, and/or 
solid). All hazard precautions given in the Data sheet must be observed.   
Ground equipment to prevent accumulation of static charge. Containers must be bonded and grounded when pouring or transferring 
materials.   
OTHER PRECAUTIONS:  Environmental Hazards - Keep out of surface water and watercourses or sewers entering or leading to surface 
waters. 
 
X REGULATORY INFORMATION 
 SHIPPING:  This product is not regulated when shipped domestic ground in its original, complete packaging. The product is reclassified 
as a hazardous material for shipping by air, ocean, or in international commerce. Consult with PROSOCO’s Regulatory 
Department for shipping information. 
 
National Motor Freight Classification:  NMFC#33980 Class Rate:  55 
 
SARA 313 Reportable: 
Chemical name CAS Upperbound Concentration % by Weight 
None - - 
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Conservare® OH100 Consolidation Treatment Masonry Restoration 
Specification  
 
Specifier Note:  The information provided below is intended to guide the Architect in developing 
specifications for products manufactured by PROSOCO, Inc. and should not be viewed as a 
complete source of information about the product(s).  The Architect should always refer to the 
Product Data Sheet and MSDS for additional recommendations and for safety information.   
 
Specifier Note:  Paragraph below is for PART 1 GENERAL, Quality Assurance.   
 
Test Area  
Test a minimum 4 ft. by 4 ft. area on each type of masonry. Use manufacturer’s application 
instructions.  Let the test area protective treatment cure before inspection. Keep test panels 
available for comparison throughout the restoration project.  
 
Specifier Note:  Paragraphs below are for PART 2 PRODUCTS, Manufacturers and Products.   
 
Manufacturer:  PROSOCO, Inc., 3741 Greenway Circle, Lawrence, KS 66046.  Phone: (800) 
255-4255; Fax: (785) 830-9797.  E-mail:  CustomerCare@prosoco.com 
 
Product Description 
Conservare® OH100 is a ready-to-use ethyl silicate consolidation treatment that stabilizes 
masonry by replacing the natural binding materials lost due to weathering with silicone dioxide.  
When properly applied, Conservare® OH100 penetrates deeply, does not form a dense surface 
crust, and retains the substrate’s natural vapor permeability. 
 
In addition to the general consolidation of severely deteriorated masonries, Conservare® OH100 
is an effective pretreatment for friable substrates that need to be strengthened before cleaning, 
patching or coating.  Conservare® OH100 may be used on most types of natural stone, concrete, 
stucco, brick, terra cotta, etc.  It also is effective on unpolished marble, travertine and limestone 
that has been treated with Conservare® HCT (Hydroxylating Conversion Treatment). 
 
Technical Data 
FORM: Colorless to slight yellow. 
SPECIFIC GRAVITY: 0.997 
pH: N/A 
WT./GAL: 8.30 lbs. 
ACTIVE CONTENT: 100% 
TOTAL SOLIDS: 43% ASTM D 5095 
FLASH POINT: 104 degrees F (40 degrees C) 
FREEZE POINT: <-22 degrees F (<-30 degrees C) 
VOC CONTENT: 436 g/L. Manufactured and marketed in compliance with USEPA AIM VOC 
regulations (40 CFR 59.403). May not be suitable for sale in states and districts with more 
restrictive AIM VOC regulations. Available in regulation-exempt small container sizes. 
SHELF LIFE: 1 year in tightly sealed, unopened container. 
 
Limitations 
• Effective consolidation requires thorough laboratory and field pretesting. Contact PROSOCO 
for information on the recommended test programs. 
• Limited shelf life - remains storage stable for approximately 12 months in sealed containers.  
• Treated areas may bond to silicone and polyurethane molds (frequently used for casting 
replacement stone). Use a release agent to prevent molding compounds from adhering to the 
treated surface. 
• Not suitable for architectural concrete block and some types of marble. 
• Not suitable for use on polished marble, travertine, limestone or granite. 
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Specifier Note:  Paragraphs below are for PART 3 EXECUTION, Installation. 
 
Application 
Before applying, read “Preparation” and “Safety Information” sections in the Manufacturer’s 
Product Data Sheet for OH100 Consolidation Treatment.  Do not dilute or alter.     
 
Note: Apply by low-pressure spray, brush or dipping. Larger surfaces should be treated 
using low-pressure spray equipment, small areas with spray tanks. Mobile objects such as 
sculptures are best treated indoors by dipping or with the use of compresses.  
 
1. Apply Conservare® OH100 in repeated applications referred to as “cycles.” A cycle 
consists of three successive saturating applications at 5-15 minute intervals. Typical 
treatments involve two or three cycles (6-9 separate applications). 
2. Allow 20 to 60 minutes between cycles. Laboratory testing will determine the optimum 
delay between applications and between cycles. 
3. Apply OH100 until excess material remains visible on the surface for 60 minutes 
following the last application. 
4. Immediately flush excess surface materials using industrial grade MEK (methyl ethyl 
ketone) or mineral spirits. If a second treatment is necessary, allow two to three weeks 
curing time following first treatment. 
 
Cleanup tools and equipment immediately with mineral spirits, denatured alcohol or an equivalent 
cleaning solvent. Remove overspray and spills as soon as possible. 
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Product Information Effective 05/2010
Odorless Mineral Spirits
QKSP94005 Quart
QKSP94205 Quart (Plastic)
GKSP94006 Gallon
GKSP94214 Gallon (Plastic)
REGULATORY DATA SHEET
VOC Content: 100% by wt. 803g/L
VOC Product Categories Geographic Region VOC Limit
Industrial Maintenance 
Coating Thinner California - SCAQMD¹ N/A²
SALES BANS: None
Future Limits: California (state) and SCAQMD
Notes
1. SCAQMD contains Los Angeles, Orange, Riverside and San Bernadino counties
2. Industrial Maintenance Coatings Thinners are currently exempt from the VOC 
limits for Paint Thinners and Multipurpose Solvents
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1.  Product and Company Identification
LL2127Product Code:
Klean Strip Odorless Mineral SpiritsProduct Name:
Manufacturer Information
W. M. Barr     Company Name:
2105 Channel Avenue
Memphis, TN  38113
(901)775-0100     Phone Number:
3E  24 Hour Emergency Contact           (800)451-8346     Emergency Contact:
W.M. Barr Customer Service              (800)398-3892     Information:
www.wmbarr.com     Web site address:
W.M. Barr EHS Department                (901)775-0100Preparer Name:
For thinning oil-based paint, stain and varnish.Intended Use:
Synonyms
QKSP94205CA, GKSP94214CA, QKSP94005CA, QKSP94005LCA, GKSP94006CA, GKSP94006PCA
2.  Hazards Identification
Emergency Overview
Danger!  Harmful or fatal if swallowed.  Eye Irritant. Combustible.
Use only with adequate ventilation to prevent buildup of vapors. Do not use in areas where vapors can accumulate
and concentrate such as basements, bathrooms, or small enclosed areas.
OSHA Regulatory Status:
This material is classified as hazardous under OSHA regulations.
Health Hazards (Acute and Chronic)
INHALATION:
Vapor harmful.  Danger of serious damage to health by prolonged exposure through inhalation.
SKIN CONTACT:
Prolonged skin contact may cause skin irritation and/or dermatitis.
EYE CONTACT:
Liquid contact may cause irritation.
INGESTION:
Harmful or fatal if swallowed.  May cause gastrointestinal irritation, nausea, vomiting, and diarrhea.
CHRONIC EFFECTS:
Reports have associated repeated and prolonged overexposure to solvents with neurological and other
physiological damage.
TARGET ORGANS:  skin, central nervous system
PRIMARY ROUTES OF ENTRY:  inhalation, skin contact
Licensed to W.M. Barr and Company GHS format
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Signs and Symptoms Of Exposure
See Potential Health Effects.
Medical Conditions Generally Aggravated By Exposure
None known.
3.  Composition/Information on Ingredients
Hazardous Components (Chemical Name)
Hydrotreated light distillate (petroleum) 64742-47-8
CAS #
100.0 %
Concentration
 1.
4.  First Aid Measures
Emergency and First Aid Procedures
Skin:
Wash the skin thoroughly with water and soap, if available, while removing contaminated clothing.  Seek medical
attention if irritation develops or persists.
Eyes:
Immediately begin to flush eyes with water, remove any contact lens.  Continue to flush the eyes for at least 15
minutes.  Seek medical attention.
Inhalation:
Remove to fresh air.  If not breathing, give artificial respiration.  If breathing is difficult, give oxygen. Get
immediate medical attention.
Ingestion:
If swallowed, do NOT induce vomiting.  Seek immediate medical attention.  Call a physician, hospital emergency
room, or poison control center immediately.  Never give anything by mouth to an unconscious person.
5.  Fire Fighting Measures
NFPA Class IIIAFlammability Classification:
> 170.00 F    Method Used:   TAG Closed CupFlash Pt:
LEL:    0.6 %                 UEL:    7.0 %Explosive Limits:
448.00 FAutoignition Pt:
Special Fire Fighting Procedures
Self-contained respiratory protection should be provided for fire fighters fighting fires in buildings or confined
areas. Storage containers exposed to fire should be kept cool with water spray to prevent pressure build-up.  Stay
away from heads of containers that have been exposed to intense heat or flame.
Unusual Fire and Explosion Hazards
No data available.
Hazardous Combustion Products
Carbon monoxide, carbon dioxide
Suitable Extinguishing Media
Use carbon dioxide, dry powder, foam, or water spray / fog.
Unsuitable Extinguishing Media
None known.
6.  Accidental Release Measures
Steps To Be Taken In Case Material Is Released Or Spilled
Isolate the immediate area.  Prevent unauthorized entry. Eliminate all sources of ignition in area and downwind of
the spill area.  Stay upwind, out of low areas, and ventilate closed spaces before entering.  All equipment used
when handling this product must be grounded or non-sparking.  Do not touch or walk through spilled material.
Stop leak if you can do so without risk.  Prevent entry into waterways, sewers, or confined areas. A vapor
suppressing foam may be used to reduce vapors.  Absorb or cover with dry earth, sand, or other non-combustible
Licensed to W.M. Barr and Company GHS format
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material and transfer to compatible containers.  For large spills, dike ahead of the spill for possible collection and
reuse or disposal.
7.  Handling and Storage
Precautions To Be Taken in Handling
Read carefully all cautions and directions on product label before use.  Since empty container retains residue,
follow all label warnings even after container is empty.  Dispose of empty container according to all regulations.
Do not reuse this container.
Do not use near any source of heat or open flame, furnace areas, pilot lights, stoves, etc.
Ensure all equipment is electrically grounded before beginning transfer operations.
Avoid prolonged skin contact.
Precautions To Be Taken in Storing
Keep container tightly closed when not in use.  Store in a cool, dry place.  Do not store near any source of heat or
open flame, furnace areas, pilot lights, stoves, etc.
8.  Exposure Controls/Personal Protection
200 mg/m3No data. No data.
Hazardous Components (Chemical Name) ACGIH TLV
Hydrotreated light distillate (petroleum) 64742-47-8
CAS # OSHA PEL Other Limits
 1.
Respiratory Equipment (Specify Type)
For use in areas with inadequate ventilation or fresh air, wear a properly maintained and properly fitted NIOSH
approved respirator for organic solvent vapors.
For OSHA controlled work places and other regular users - Use only with adequate ventilation under engineered
air control systems designed to prevent exceeding the appropriate TLV.
A dust mask does not provide protection against vapors.
Eye Protection
Chemical splash goggles should be worn to prevent eye contact.
Protective Gloves
Wear gloves with as much resistance to the chemical ingredients as possible.  Glove materials such as nitrile
rubber may provide protection.  Glove selection should be based on chemicals being used and conditions of use.
Consult your glove supplier for additional information. Gloves contaminated with product should be discarded
and not reused.
Other Protective Clothing
Various application methods can dictate use of additional protective safety equipment, such as impermeable
aprons, etc., to minimize exposure.  Before reuse, thoroughly clean any clothing or protective equipment that has
been contaminated by prior use. Discard any clothing or other protective equipment that cannot be
decontaminated, such as gloves or shoes.
Ventilation
Use process enclosures, local exhaust ventilation, or other engineering controls to control airborne levels below
recommended exposure limits.
Use only with adequate ventilation to prevent buildup of vapors. Do not use in areas where vapors can accumulate
and concentrate, such as basements, bathrooms or small enclosed areas.  Whenever possible, use outdoors in an
open air area.  If using indoors open all windows and doors and maintain a cross ventilation of moving fresh air
across the work area.  If strong odor is noticed or you experience slight dizziness, headache, nausea or
eye-watering -- STOP -- ventilation is inadequate. Leave area immediately and move to fresh air.
Licensed to W.M. Barr and Company GHS format
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Work/Hygienic/Maintenance Practices
Wash hands thoroughly after use and before eating, drinking, or smoking.
Do not eat, drink, or smoke in the work area.
Facilities storing or handling this material should be equipped with an emergency eyewash and safety shower.
9.  Physical and Chemical Properties
[   ] Gas       [ X ] Liquid       [   ] SolidPhysical States:
< -94.00 FMelting Point:
390.00 F - 480.00 FBoiling Point:
448.00 FAutoignition Pt:
> 170.00 F    Method Used:   TAG Closed CupFlash Pt:
LEL:    0.6 %                 UEL:    7.0 %Explosive Limits:
0.8102       at   25.0 CSpecific Gravity (Water = 1):
6.84 LB/GLDensity:
No data.Bulk density:
0.05 MM HG   at   20.0 CVapor Pressure (vs. Air or mm Hg):
5.9Vapor Density (vs. Air = 1):
0.02Evaporation Rate (vs Butyl
Acetate=1):
Not SolubleSolubility in Water:
100.0 % by weight.Percent Volatile:
0.0000 G/LVOC / Volume:
No data.Heat Value:
No data.Particle Size:
No data.Corrosion Rate:
No data.pH:
Appearance and Odor
Aromatic hydrocarbon-like odor.  Clear liquid.
Additional Physical Information
This product is not a VOC as defined by the California Air Resources Board (CARB).
10. Stability and Reactivity
Unstable [    ]       Stable [ X ]Stability:
Conditions To Avoid - Instability
No data available.
Incompatibility - Materials To Avoid
Incompatible with oxidizing agents.
Hazardous Decomposition Or Byproducts
Thermal decomposition may produce carbon monoxide and carbon dioxide.
Will occur [    ]       Will not occur [ X ]Possibility of Hazardous Reactions:
Conditions To Avoid - Hazardous Reactions
No data available.
Licensed to W.M. Barr and Company GHS format
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11. Toxicological Information
HYDROTREATED LIGHT DISTILLATES:
ACUTE TOXICITY:
LC50  Rat Inhalation  >3,000 mg/kg
LD50  Rabbit  skin  5.5 mg/l  8 hrs
SKIN CORROSION / IRRITATION:  Studies on laboratory animals have shown similar materials to cause skin
irritation after repeated or prolonged contact.  Repeated direct application to the skin can produce defatting
dermatitis and kidney damage in laboratory animals.  The significance of these animal study results to human
health is unclear.
SERIOUS EYE DAMAGE / IRRITATION:  Studies on laboratory animals have associated similar materials with
eye and respiratory tract irritation.
RESPIRATORY OR SKIN SENSITIZATION:  Skin sensitization was not evident in animal studies.
ASPIRATION HAZARD:  This material presents an aspiration hazard.
MUTAGENIC DATA:  No data.
IMMUNOTOXICITY:  No data.
NEUROTOXICITY:  Repeated exposure to elevated concentrations of hydrocarbon solvents can produce a
variety of transient CNS effects (e.g., dizziness, headache, narcosis, etc.)
DEVELOPMENTAL/REPRODUCTIVE:  No data.
CARCINOGEN STATUS:  There is inadequate evidence for the carcinogenicity of petroleum solvents in
humans.
Carcinogenicity/Other Information
ACGIH A4 - Not Classifiable as a Human Carcinogen.
A4n.a. n.a.
Hazardous Components (Chemical Name)
Hydrotreated light distillate (petroleum) 64742-47-8
CAS #
n.a.
NTP IARC ACGIH OSHA
 1.
12. Ecological Information
Hydrotreated Light Distillates:
Toxicity:  Not toxic to aquatic organisms up to water solubility.  May adsorb to sediments and possibly cause
toxic effects to organisms.
Persistence and Degradability:  Slightly biodegradable in water-based tests due to low water solubility.
Bioaccumulative Potential:  No data.
Mobility in Soil:  No data.
13. Disposal Considerations
Waste Disposal Method
Dispose in accordance with applicable local, state, and federal regulations.
14. Transport Information
LAND TRANSPORT (US DOT)
Paint Related Material, Not Regulated     DOT Proper Shipping Name
Additional Transport Information
For D.O.T. information, contact W.M. Barr Technical Services at 1-800-398-3892.
The shipper / supplier may apply one of the following exceptions: Combustible Liquid, Consumer Commodity,
Licensed to W.M. Barr and Company GHS format
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Limited Quantity, Viscous Liquid, Does Not Sustain Combustion, or others, as allowed under 49CFR Hazmat
Regulations.  Please consult 49CFR Subchapter C to ensure that subsequent shipments comply with these
exceptions.
15. Regulatory Information
US EPA SARA Title III
NoNo No
Hazardous Components (Chemical Name)
Hydrotreated light distillate (petroleum) 64742-47-8
CAS #
No
Sec.302 (EHS) Sec.304 RQ Sec.313 (TRI) Sec.110
 1.
US EPA CAA, CWA, TSCA
InventoryNo No
Hazardous Components (Chemical Name)
Hydrotreated light distillate (petroleum) 64742-47-8
CAS #
HAP, ODC ()
EPA CAA EPA CWA NPDES EPA TSCA CA PROP 65
 1.
EPA Hazard Categories:
This material meets the EPA 'Hazard Categories' defined for SARA Title III Sections 311/312 as indicated:
[X] Yes  [  ] No   Acute (immediate) Health Hazard
[X] Yes  [  ] No   Chronic (delayed) Health Hazard
[  ] Yes  [X] No   Fire Hazard
[  ] Yes  [X] No   Sudden Release of Pressure Hazard
[  ] Yes  [X] No   Reactive Hazard
16. Other Information
No data available.
Licensed to W.M. Barr and Company GHS format
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CPSIA Compliance Certificate
This Product Certification is provided to meet the requirements of the Consumer Product Safety 
Improvement Act of 2008.  WM Barr & Company (“Barr”) hereby certifies that the product 
identified below complies with the regulations, rules, and/or standards identified below. 
Product: Klean Strip Odorless Mineral Spirits
I. Laws and Regulations for which compliance is certified
• Federal Hazardous Substance Act – 16 CFR Part 1500 
• Poison Prevention Packaging Act – 16 CFR Part 1700 
II. Party Certifying Compliance
 WM Barr & Company, Inc. 
 8000 Centerview Parkway 
 Memphis, TN  38016 
 (901) 775-0100 
III. Date and Place of Manufacture
 WM Barr & Company, Inc. 
Presidents Island Industrial Park 
2105 Channel/2170 Buoy 
 Memphis, TN  38113  
Date of manufacture for any unit of product is date-coded on the container. 
8000 Centerview Parkway 
Suite 400 
Memphis TN 38016 
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APPENDIX E
Capillary Water Absorption Data
166
UC	  A1
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 327.49 0.00 0.00
1/12/13 1 60 7.75 327.56 0.07 0.00
1/12/13 3 180 13.42 327.67 0.18 0.01
1/12/13 5 300 17.32 327.71 0.22 0.01
1/12/13 10 600 24.49 327.83 0.34 0.01
1/12/13 15 900 30.00 327.95 0.46 0.02
1/12/13 30 1800 42.43 328.07 0.58 0.02
1/12/13 60 3600 60.00 328.13 0.64 0.03
1/12/13 90 5400 73.48 328.30 0.81 0.03
1/12/13 120 7200 84.85 328.41 0.92 0.04
1/12/13 150 9000 94.87 328.52 1.03 0.04
1/12/13 1080 64800 254.56 331.06 3.57 0.14
1/13/13 1440 86400 293.94 332.03 4.54 0.18
1/14/13 2880 172800 415.69 335.17 7.68 0.31
1/15/13 4320 259200 509.12 337.46 9.97 0.40
1/16/13 5760 345600 587.88 338.87 11.38 0.46
1/17/13 7200 432000 657.27 340.25 12.76 0.51
1/18/13 8640 518400 720.00 341.42 13.93 0.56
1/19/13 10080 604800 777.69 342.11 14.62 0.58
1/20/13 11520 691200 831.38 342.65 15.16 0.61
1/21/13 12960 777600 881.82 342.80 15.31 0.61
1/22/13 14400 864000 929.52 343.05 15.56 0.62
1/23/13 15840 950400 974.88 343.22 15.73 0.63
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A1
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UC	  A2
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 319.28 0.00 0.00
1/12/13 1 60 7.75 319.37 0.09 0.00
1/12/13 3 180 13.42 319.50 0.22 0.01
1/12/13 5 300 17.32 319.53 0.25 0.01
1/12/13 10 600 24.49 319.66 0.38 0.02
1/12/13 15 900 30.00 319.81 0.53 0.02
1/12/13 30 1800 42.43 319.91 0.63 0.03
1/12/13 60 3600 60.00 319.98 0.70 0.03
1/12/13 90 5400 73.48 320.12 0.84 0.03
1/12/13 120 7200 84.85 320.24 0.96 0.04
1/12/13 150 9000 94.87 320.35 1.07 0.04
1/12/13 1080 64800 254.56 322.92 3.64 0.15
1/13/13 1440 86400 293.94 323.76 4.48 0.18
1/14/13 2880 172800 415.69 326.39 7.11 0.28
1/15/13 4320 259200 509.12 328.30 9.02 0.36
1/16/13 5760 345600 587.88 329.59 10.31 0.41
1/17/13 7200 432000 657.27 330.88 11.60 0.46
1/18/13 8640 518400 720.00 332.07 12.79 0.51
1/19/13 10080 604800 777.69 332.88 13.60 0.54
1/20/13 11520 691200 831.38 333.67 14.39 0.58
1/21/13 12960 777600 881.82 333.92 14.64 0.59
1/22/13 14400 864000 929.52 334.16 14.88 0.60
1/23/13 15840 950400 974.88 334.32 15.04 0.60
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A2
168
UC	  A3
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 330.99 0.00 0.00
1/12/13 1 60 7.75 331.04 0.05 0.00
1/12/13 3 180 13.42 331.31 0.32 0.01
1/12/13 5 300 17.32 331.35 0.36 0.01
1/12/13 10 600 24.49 331.48 0.49 0.02
1/12/13 15 900 30.00 331.64 0.65 0.03
1/12/13 30 1800 42.43 331.75 0.76 0.03
1/12/13 60 3600 60.00 331.82 0.83 0.03
1/12/13 90 5400 73.48 331.96 0.97 0.04
1/12/13 120 7200 84.85 332.08 1.09 0.04
1/12/13 150 9000 94.87 332.19 1.20 0.05
1/12/13 1080 64800 254.56 334.93 3.94 0.16
1/13/13 1440 86400 293.94 335.97 4.98 0.20
1/14/13 2880 172800 415.69 339.52 11.13 0.45
1/15/13 4320 259200 509.12 342.12 11.13 0.45
1/16/13 5760 345600 587.88 343.81 12.82 0.51
1/17/13 7200 432000 657.27 345.36 14.37 0.57
1/18/13 8640 518400 720.00 346.44 15.45 0.62
1/19/13 10080 604800 777.69 346.91 15.92 0.64
1/20/13 11520 691200 831.38 347.21 16.22 0.65
1/21/13 12960 777600 881.82 347.24 16.25 0.65
1/22/13 14400 864000 929.52 347.38 16.39 0.66
1/23/13 15840 950400 974.88 347.44 16.45 0.66
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A3
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UC	  A4
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 337.41 0.00 0.00
1/12/13 1 60 7.75 337.52 0.11 0.00
1/12/13 3 180 13.42 337.66 0.25 0.01
1/12/13 5 300 17.32 337.69 0.28 0.01
1/12/13 10 600 24.49 337.85 0.44 0.02
1/12/13 15 900 30.00 338.06 0.65 0.03
1/12/13 30 1800 42.43 338.17 0.76 0.03
1/12/13 60 3600 60.00 338.24 0.83 0.03
1/12/13 90 5400 73.48 338.42 1.01 0.04
1/12/13 120 7200 84.85 338.57 1.16 0.05
1/12/13 150 9000 94.87 338.67 1.26 0.05
1/12/13 1080 64800 254.56 341.48 4.07 0.16
1/13/13 1440 86400 293.94 342.37 4.96 0.20
1/14/13 2880 172800 415.69 345.26 7.85 0.31
1/15/13 4320 259200 509.12 347.47 10.06 0.40
1/16/13 5760 345600 587.88 348.90 11.49 0.46
1/17/13 7200 432000 657.27 350.26 12.85 0.51
1/18/13 8640 518400 720.00 351.47 14.06 0.56
1/19/13 10080 604800 777.69 352.09 14.68 0.59
1/20/13 11520 691200 831.38 352.44 15.03 0.60
1/21/13 12960 777600 881.82 352.99 15.58 0.62
1/22/13 14400 864000 929.52 353.08 15.67 0.63
1/23/13 15840 950400 974.88 353.21 15.80 0.63
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A4
170
UC	  A5
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 338.66 0.00 0.00
1/12/13 1 60 7.75 338.74 0.08 0.00
1/12/13 3 180 13.42 338.85 0.19 0.01
1/12/13 5 300 17.32 338.88 0.22 0.01
1/12/13 10 600 24.49 338.98 0.32 0.01
1/12/13 15 900 30.00 339.13 0.47 0.02
1/12/13 30 1800 42.43 339.21 0.55 0.02
1/12/13 60 3600 60.00 339.26 0.60 0.02
1/12/13 90 5400 73.48 339.41 0.75 0.03
1/12/13 120 7200 84.85 339.51 0.85 0.03
1/12/13 150 9000 94.87 339.62 0.96 0.04
1/12/13 1080 64800 254.56 343.00 4.34 0.17
1/13/13 1440 86400 293.94 344.33 5.67 0.23
1/14/13 2880 172800 415.69 348.37 9.71 0.39
1/15/13 4320 259200 509.12 351.16 12.50 0.50
1/16/13 5760 345600 587.88 352.64 13.98 0.56
1/17/13 7200 432000 657.27 353.55 14.89 0.60
1/18/13 8640 518400 720.00 354.06 15.40 0.62
1/19/13 10080 604800 777.69 354.23 15.57 0.62
1/20/13 11520 691200 831.38 354.38 15.72 0.63
1/21/13 12960 777600 881.82 354.47 15.81 0.63
1/22/13 14400 864000 929.52 354.55 15.89 0.64
1/23/13 15840 950400 974.88 354.68 16.02 0.64
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A5
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C	  A1
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 311.58 0.00 0.00
3/18/13 1 60 7.75 311.86 0.28 0.01
3/18/13 3 180 13.42 312.34 0.76 0.03
3/18/13 5 300 17.32 312.41 0.83 0.03
3/18/13 10 600 24.49 312.82 1.24 0.05
3/18/13 15 900 30.00 313.36 1.78 0.07
3/18/13 30 1800 42.43 313.77 2.19 0.09
3/18/13 60 3600 60.00 314.05 2.47 0.10
3/18/13 90 5400 73.48 314.66 3.08 0.12
3/18/13 120 7200 84.85 315.19 3.61 0.14
3/18/13 150 9000 94.87 315.58 4.00 0.16
3/18/13 1080 64800 254.56 322.34 10.76 0.43
3/19/13 1440 86400 293.94 323.82 12.24 0.49
3/20/13 2880 172800 415.69 327.76 16.18 0.65
3/21/13 4320 259200 509.12 328.92 17.34 0.69
3/22/13 5760 345600 587.88 329.07 17.49 0.70
3/23/13 7200 432000 657.27 329.09 17.51 0.70
3/24/13 8640 518400 720.00 329.15 17.57 0.70
3/25/13 10080 604800 777.69 329.20 17.62 0.70
3/26/13 11520 691200 831.38 329.29 17.71 0.71
3/27/13 12960 777600 881.82 329.27 17.69 0.71
3/28/13 14400 864000 929.52 329.27 17.69 0.71
3/29/13 15840 950400 974.88 329.28 17.70 0.71
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A1
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C	  A2
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 319.28 0.00 0.00
3/18/13 1 60 7.75 319.37 0.09 0.00
3/18/13 3 180 13.42 319.50 0.22 0.01
3/18/13 5 300 17.32 319.53 0.25 0.01
3/18/13 10 600 24.49 319.66 0.38 0.02
3/18/13 15 900 30.00 319.81 0.53 0.02
3/18/13 30 1800 42.43 319.91 0.63 0.03
3/18/13 60 3600 60.00 319.98 0.70 0.03
3/18/13 90 5400 73.48 320.12 0.84 0.03
3/18/13 120 7200 84.85 320.24 0.96 0.04
3/18/13 150 9000 94.87 320.35 1.07 0.04
3/18/13 1080 64800 254.56 322.92 3.64 0.15
3/19/13 1440 86400 293.94 323.76 4.48 0.18
3/20/13 2880 172800 415.69 326.39 7.11 0.28
3/21/13 4320 259200 509.12 328.30 9.02 0.36
3/22/13 5760 345600 587.88 329.59 10.31 0.41
3/23/13 7200 432000 657.27 330.88 11.60 0.46
3/24/13 8640 518400 720.00 332.07 12.79 0.51
3/25/13 10080 604800 777.69 332.88 13.60 0.54
3/26/13 11520 691200 831.38 333.67 14.39 0.58
3/27/13 12960 777600 881.82 333.92 14.64 0.59
3/28/13 14400 864000 929.52 334.16 14.88 0.60
3/29/13 15840 950400 974.88 334.32 15.04 0.60
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A2
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C	  A3
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 330.99 0.00 0.00
3/18/13 1 60 7.75 331.04 0.05 0.00
3/18/13 3 180 13.42 331.31 0.32 0.01
3/18/13 5 300 17.32 331.35 0.36 0.01
3/18/13 10 600 24.49 331.48 0.49 0.02
3/18/13 15 900 30.00 331.64 0.65 0.03
3/18/13 30 1800 42.43 331.75 0.76 0.03
3/18/13 60 3600 60.00 331.82 0.83 0.03
3/18/13 90 5400 73.48 331.96 0.97 0.04
3/18/13 120 7200 84.85 332.08 1.09 0.04
3/18/13 150 9000 94.87 332.19 1.20 0.05
3/18/13 1080 64800 254.56 334.93 3.94 0.16
3/19/13 1440 86400 293.94 335.97 4.98 0.20
3/20/13 2880 172800 415.69 339.52 8.53 0.34
3/21/13 4320 259200 509.12 342.12 11.13 0.45
3/22/13 5760 345600 587.88 343.81 12.82 0.51
3/23/13 7200 432000 657.27 345.36 14.37 0.57
3/24/13 8640 518400 720.00 346.44 15.45 0.62
3/25/13 10080 604800 777.69 346.91 15.92 0.64
3/26/13 11520 691200 831.38 347.21 16.22 0.65
3/27/13 12960 777600 881.82 347.24 16.25 0.65
3/28/13 14400 864000 929.52 347.38 16.39 0.66
3/29/13 15840 950400 974.88 347.44 16.45 0.66
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A3
174
C	  A4
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 337.41 0.00 0.00
3/18/13 1 60 7.75 337.52 0.11 0.00
3/18/13 3 180 13.42 337.66 0.25 0.01
3/18/13 5 300 17.32 337.69 0.28 0.01
3/18/13 10 600 24.49 337.85 0.44 0.02
3/18/13 15 900 30.00 338.06 0.65 0.03
3/18/13 30 1800 42.43 338.17 0.76 0.03
3/18/13 60 3600 60.00 338.24 0.83 0.03
3/18/13 90 5400 73.48 338.42 1.01 0.04
3/18/13 120 7200 84.85 338.57 1.16 0.05
3/18/13 150 9000 94.87 338.67 1.26 0.05
3/18/13 1080 64800 254.56 341.48 4.07 0.16
3/19/13 1440 86400 293.94 342.37 4.96 0.20
3/20/13 2880 172800 415.69 345.26 7.85 0.31
3/21/13 4320 259200 509.12 347.47 10.06 0.40
3/22/13 5760 345600 587.88 348.90 11.49 0.46
3/23/13 7200 432000 657.27 350.26 12.85 0.51
3/24/13 8640 518400 720.00 351.47 14.06 0.56
3/25/13 10080 604800 777.69 352.09 14.68 0.59
3/26/13 11520 691200 831.38 352.44 15.03 0.60
3/27/13 12960 777600 881.82 352.99 15.58 0.62
3/28/13 14400 864000 929.52 353.08 15.67 0.63
3/29/13 15840 950400 974.88 353.21 15.80 0.63
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A4
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C	  A5
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 338.66 0.00 0.00
3/18/13 1 60 7.75 338.74 0.08 0.00
3/18/13 3 180 13.42 338.85 0.19 0.01
3/18/13 5 300 17.32 338.88 0.22 0.01
3/18/13 10 600 24.49 338.98 0.32 0.01
3/18/13 15 900 30.00 339.13 0.47 0.02
3/18/13 30 1800 42.43 339.21 0.55 0.02
3/18/13 60 3600 60.00 339.26 0.60 0.02
3/18/13 90 5400 73.48 339.41 0.75 0.03
3/18/13 120 7200 84.85 339.51 0.85 0.03
3/18/13 150 9000 94.87 339.62 0.96 0.04
3/18/13 1080 64800 254.56 343.00 4.34 0.17
3/19/13 1440 86400 293.94 344.33 5.67 0.23
3/20/13 2880 172800 415.69 348.37 9.71 0.39
3/21/13 4320 259200 509.12 351.16 12.50 0.50
3/22/13 5760 345600 587.88 352.64 13.98 0.56
3/23/13 7200 432000 657.27 353.55 14.89 0.60
3/24/13 8640 518400 720.00 354.06 15.40 0.62
3/25/13 10080 604800 777.69 354.23 15.57 0.62
3/26/13 11520 691200 831.38 354.38 15.72 0.63
3/27/13 12960 777600 881.82 354.47 15.81 0.63
3/28/13 14400 864000 929.52 354.55 15.89 0.64
3/29/13 15840 950400 974.88 354.68 16.02 0.64
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A5
176
APPENDIX F
Water Absorption By Total Immersion Data
177
UC	  A1
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 327.49 0.00 0.00
1/12/13 1 60 7.75 327.56 0.07 0.00
1/12/13 3 180 13.42 327.67 0.18 0.01
1/12/13 5 300 17.32 327.71 0.22 0.01
1/12/13 10 600 24.49 327.83 0.34 0.01
1/12/13 15 900 30.00 327.95 0.46 0.02
1/12/13 30 1800 42.43 328.07 0.58 0.02
1/12/13 60 3600 60.00 328.13 0.64 0.03
1/12/13 90 5400 73.48 328.30 0.81 0.03
1/12/13 120 7200 84.85 328.41 0.92 0.04
1/12/13 150 9000 94.87 328.52 1.03 0.04
1/12/13 1080 64800 254.56 331.06 3.57 0.14
1/13/13 1440 86400 293.94 332.03 4.54 0.18
1/14/13 2880 172800 415.69 335.17 7.68 0.31
1/15/13 4320 259200 509.12 337.46 9.97 0.40
1/16/13 5760 345600 587.88 338.87 11.38 0.46
1/17/13 7200 432000 657.27 340.25 12.76 0.51
1/18/13 8640 518400 720.00 341.42 13.93 0.56
1/19/13 10080 604800 777.69 342.11 14.62 0.58
1/20/13 11520 691200 831.38 342.65 15.16 0.61
1/21/13 12960 777600 881.82 342.80 15.31 0.61
1/22/13 14400 864000 929.52 343.05 15.56 0.62
1/23/13 15840 950400 974.88 343.22 15.73 0.63
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A1
178
UC	  A2
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 319.28 0.00 0.00
1/12/13 1 60 7.75 319.37 0.09 0.00
1/12/13 3 180 13.42 319.50 0.22 0.01
1/12/13 5 300 17.32 319.53 0.25 0.01
1/12/13 10 600 24.49 319.66 0.38 0.02
1/12/13 15 900 30.00 319.81 0.53 0.02
1/12/13 30 1800 42.43 319.91 0.63 0.03
1/12/13 60 3600 60.00 319.98 0.70 0.03
1/12/13 90 5400 73.48 320.12 0.84 0.03
1/12/13 120 7200 84.85 320.24 0.96 0.04
1/12/13 150 9000 94.87 320.35 1.07 0.04
1/12/13 1080 64800 254.56 322.92 3.64 0.15
1/13/13 1440 86400 293.94 323.76 4.48 0.18
1/14/13 2880 172800 415.69 326.39 7.11 0.28
1/15/13 4320 259200 509.12 328.30 9.02 0.36
1/16/13 5760 345600 587.88 329.59 10.31 0.41
1/17/13 7200 432000 657.27 330.88 11.60 0.46
1/18/13 8640 518400 720.00 332.07 12.79 0.51
1/19/13 10080 604800 777.69 332.88 13.60 0.54
1/20/13 11520 691200 831.38 333.67 14.39 0.58
1/21/13 12960 777600 881.82 333.92 14.64 0.59
1/22/13 14400 864000 929.52 334.16 14.88 0.60
1/23/13 15840 950400 974.88 334.32 15.04 0.60
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A2
179
UC	  A3
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 330.99 0.00 0.00
1/12/13 1 60 7.75 331.04 0.05 0.00
1/12/13 3 180 13.42 331.31 0.32 0.01
1/12/13 5 300 17.32 331.35 0.36 0.01
1/12/13 10 600 24.49 331.48 0.49 0.02
1/12/13 15 900 30.00 331.64 0.65 0.03
1/12/13 30 1800 42.43 331.75 0.76 0.03
1/12/13 60 3600 60.00 331.82 0.83 0.03
1/12/13 90 5400 73.48 331.96 0.97 0.04
1/12/13 120 7200 84.85 332.08 1.09 0.04
1/12/13 150 9000 94.87 332.19 1.20 0.05
1/12/13 1080 64800 254.56 334.93 3.94 0.16
1/13/13 1440 86400 293.94 335.97 4.98 0.20
1/14/13 2880 172800 415.69 339.52 11.13 0.45
1/15/13 4320 259200 509.12 342.12 11.13 0.45
1/16/13 5760 345600 587.88 343.81 12.82 0.51
1/17/13 7200 432000 657.27 345.36 14.37 0.57
1/18/13 8640 518400 720.00 346.44 15.45 0.62
1/19/13 10080 604800 777.69 346.91 15.92 0.64
1/20/13 11520 691200 831.38 347.21 16.22 0.65
1/21/13 12960 777600 881.82 347.24 16.25 0.65
1/22/13 14400 864000 929.52 347.38 16.39 0.66
1/23/13 15840 950400 974.88 347.44 16.45 0.66
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A3
180
UC	  A4
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 337.41 0.00 0.00
1/12/13 1 60 7.75 337.52 0.11 0.00
1/12/13 3 180 13.42 337.66 0.25 0.01
1/12/13 5 300 17.32 337.69 0.28 0.01
1/12/13 10 600 24.49 337.85 0.44 0.02
1/12/13 15 900 30.00 338.06 0.65 0.03
1/12/13 30 1800 42.43 338.17 0.76 0.03
1/12/13 60 3600 60.00 338.24 0.83 0.03
1/12/13 90 5400 73.48 338.42 1.01 0.04
1/12/13 120 7200 84.85 338.57 1.16 0.05
1/12/13 150 9000 94.87 338.67 1.26 0.05
1/12/13 1080 64800 254.56 341.48 4.07 0.16
1/13/13 1440 86400 293.94 342.37 4.96 0.20
1/14/13 2880 172800 415.69 345.26 7.85 0.31
1/15/13 4320 259200 509.12 347.47 10.06 0.40
1/16/13 5760 345600 587.88 348.90 11.49 0.46
1/17/13 7200 432000 657.27 350.26 12.85 0.51
1/18/13 8640 518400 720.00 351.47 14.06 0.56
1/19/13 10080 604800 777.69 352.09 14.68 0.59
1/20/13 11520 691200 831.38 352.44 15.03 0.60
1/21/13 12960 777600 881.82 352.99 15.58 0.62
1/22/13 14400 864000 929.52 353.08 15.67 0.63
1/23/13 15840 950400 974.88 353.21 15.80 0.63
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A4
181
UC	  A5
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  Absorbed	  
per	  Unit	  Surface
1/12/13 0 0 0.00 338.66 0.00 0.00
1/12/13 1 60 7.75 338.74 0.08 0.00
1/12/13 3 180 13.42 338.85 0.19 0.01
1/12/13 5 300 17.32 338.88 0.22 0.01
1/12/13 10 600 24.49 338.98 0.32 0.01
1/12/13 15 900 30.00 339.13 0.47 0.02
1/12/13 30 1800 42.43 339.21 0.55 0.02
1/12/13 60 3600 60.00 339.26 0.60 0.02
1/12/13 90 5400 73.48 339.41 0.75 0.03
1/12/13 120 7200 84.85 339.51 0.85 0.03
1/12/13 150 9000 94.87 339.62 0.96 0.04
1/12/13 1080 64800 254.56 343.00 4.34 0.17
1/13/13 1440 86400 293.94 344.33 5.67 0.23
1/14/13 2880 172800 415.69 348.37 9.71 0.39
1/15/13 4320 259200 509.12 351.16 12.50 0.50
1/16/13 5760 345600 587.88 352.64 13.98 0.56
1/17/13 7200 432000 657.27 353.55 14.89 0.60
1/18/13 8640 518400 720.00 354.06 15.40 0.62
1/19/13 10080 604800 777.69 354.23 15.57 0.62
1/20/13 11520 691200 831.38 354.38 15.72 0.63
1/21/13 12960 777600 881.82 354.47 15.81 0.63
1/22/13 14400 864000 929.52 354.55 15.89 0.64
1/23/13 15840 950400 974.88 354.68 16.02 0.64
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A5
182
C	  A1
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 311.58 0.00 0.00
3/18/13 1 60 7.75 311.86 0.28 0.01
3/18/13 3 180 13.42 312.34 0.76 0.03
3/18/13 5 300 17.32 312.41 0.83 0.03
3/18/13 10 600 24.49 312.82 1.24 0.05
3/18/13 15 900 30.00 313.36 1.78 0.07
3/18/13 30 1800 42.43 313.77 2.19 0.09
3/18/13 60 3600 60.00 314.05 2.47 0.10
3/18/13 90 5400 73.48 314.66 3.08 0.12
3/18/13 120 7200 84.85 315.19 3.61 0.14
3/18/13 150 9000 94.87 315.58 4.00 0.16
3/18/13 1080 64800 254.56 322.34 10.76 0.43
3/19/13 1440 86400 293.94 323.82 12.24 0.49
3/20/13 2880 172800 415.69 327.76 16.18 0.65
3/21/13 4320 259200 509.12 328.92 17.34 0.69
3/22/13 5760 345600 587.88 329.07 17.49 0.70
3/23/13 7200 432000 657.27 329.09 17.51 0.70
3/24/13 8640 518400 720.00 329.15 17.57 0.70
3/25/13 10080 604800 777.69 329.20 17.62 0.70
3/26/13 11520 691200 831.38 329.29 17.71 0.71
3/27/13 12960 777600 881.82 329.27 17.69 0.71
3/28/13 14400 864000 929.52 329.27 17.69 0.71
3/29/13 15840 950400 974.88 329.28 17.70 0.71
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A1
183
C	  A2
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 319.28 0.00 0.00
3/18/13 1 60 7.75 319.37 0.09 0.00
3/18/13 3 180 13.42 319.50 0.22 0.01
3/18/13 5 300 17.32 319.53 0.25 0.01
3/18/13 10 600 24.49 319.66 0.38 0.02
3/18/13 15 900 30.00 319.81 0.53 0.02
3/18/13 30 1800 42.43 319.91 0.63 0.03
3/18/13 60 3600 60.00 319.98 0.70 0.03
3/18/13 90 5400 73.48 320.12 0.84 0.03
3/18/13 120 7200 84.85 320.24 0.96 0.04
3/18/13 150 9000 94.87 320.35 1.07 0.04
3/18/13 1080 64800 254.56 322.92 3.64 0.15
3/19/13 1440 86400 293.94 323.76 4.48 0.18
3/20/13 2880 172800 415.69 326.39 7.11 0.28
3/21/13 4320 259200 509.12 328.30 9.02 0.36
3/22/13 5760 345600 587.88 329.59 10.31 0.41
3/23/13 7200 432000 657.27 330.88 11.60 0.46
3/24/13 8640 518400 720.00 332.07 12.79 0.51
3/25/13 10080 604800 777.69 332.88 13.60 0.54
3/26/13 11520 691200 831.38 333.67 14.39 0.58
3/27/13 12960 777600 881.82 333.92 14.64 0.59
3/28/13 14400 864000 929.52 334.16 14.88 0.60
3/29/13 15840 950400 974.88 334.32 15.04 0.60
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A2
184
C	  A3
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 330.99 0.00 0.00
3/18/13 1 60 7.75 331.04 0.05 0.00
3/18/13 3 180 13.42 331.31 0.32 0.01
3/18/13 5 300 17.32 331.35 0.36 0.01
3/18/13 10 600 24.49 331.48 0.49 0.02
3/18/13 15 900 30.00 331.64 0.65 0.03
3/18/13 30 1800 42.43 331.75 0.76 0.03
3/18/13 60 3600 60.00 331.82 0.83 0.03
3/18/13 90 5400 73.48 331.96 0.97 0.04
3/18/13 120 7200 84.85 332.08 1.09 0.04
3/18/13 150 9000 94.87 332.19 1.20 0.05
3/18/13 1080 64800 254.56 334.93 3.94 0.16
3/19/13 1440 86400 293.94 335.97 4.98 0.20
3/20/13 2880 172800 415.69 339.52 8.53 0.34
3/21/13 4320 259200 509.12 342.12 11.13 0.45
3/22/13 5760 345600 587.88 343.81 12.82 0.51
3/23/13 7200 432000 657.27 345.36 14.37 0.57
3/24/13 8640 518400 720.00 346.44 15.45 0.62
3/25/13 10080 604800 777.69 346.91 15.92 0.64
3/26/13 11520 691200 831.38 347.21 16.22 0.65
3/27/13 12960 777600 881.82 347.24 16.25 0.65
3/28/13 14400 864000 929.52 347.38 16.39 0.66
3/29/13 15840 950400 974.88 347.44 16.45 0.66
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A3
185
C	  A4
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 337.41 0.00 0.00
3/18/13 1 60 7.75 337.52 0.11 0.00
3/18/13 3 180 13.42 337.66 0.25 0.01
3/18/13 5 300 17.32 337.69 0.28 0.01
3/18/13 10 600 24.49 337.85 0.44 0.02
3/18/13 15 900 30.00 338.06 0.65 0.03
3/18/13 30 1800 42.43 338.17 0.76 0.03
3/18/13 60 3600 60.00 338.24 0.83 0.03
3/18/13 90 5400 73.48 338.42 1.01 0.04
3/18/13 120 7200 84.85 338.57 1.16 0.05
3/18/13 150 9000 94.87 338.67 1.26 0.05
3/18/13 1080 64800 254.56 341.48 4.07 0.16
3/19/13 1440 86400 293.94 342.37 4.96 0.20
3/20/13 2880 172800 415.69 345.26 7.85 0.31
3/21/13 4320 259200 509.12 347.47 10.06 0.40
3/22/13 5760 345600 587.88 348.90 11.49 0.46
3/23/13 7200 432000 657.27 350.26 12.85 0.51
3/24/13 8640 518400 720.00 351.47 14.06 0.56
3/25/13 10080 604800 777.69 352.09 14.68 0.59
3/26/13 11520 691200 831.38 352.44 15.03 0.60
3/27/13 12960 777600 881.82 352.99 15.58 0.62
3/28/13 14400 864000 929.52 353.08 15.67 0.63
3/29/13 15840 950400 974.88 353.21 15.80 0.63
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A4
186
C	  A5
Date Time	  (min) Time	  (sec) SqRt	  Time Weight	  (g) Water	  Absorbed
Water	  
Absorbed	  
per	  Unit	  
Surface
3/18/13 0 0 0.00 338.66 0.00 0.00
3/18/13 1 60 7.75 338.74 0.08 0.00
3/18/13 3 180 13.42 338.85 0.19 0.01
3/18/13 5 300 17.32 338.88 0.22 0.01
3/18/13 10 600 24.49 338.98 0.32 0.01
3/18/13 15 900 30.00 339.13 0.47 0.02
3/18/13 30 1800 42.43 339.21 0.55 0.02
3/18/13 60 3600 60.00 339.26 0.60 0.02
3/18/13 90 5400 73.48 339.41 0.75 0.03
3/18/13 120 7200 84.85 339.51 0.85 0.03
3/18/13 150 9000 94.87 339.62 0.96 0.04
3/18/13 1080 64800 254.56 343.00 4.34 0.17
3/19/13 1440 86400 293.94 344.33 5.67 0.23
3/20/13 2880 172800 415.69 348.37 9.71 0.39
3/21/13 4320 259200 509.12 351.16 12.50 0.50
3/22/13 5760 345600 587.88 352.64 13.98 0.56
3/23/13 7200 432000 657.27 353.55 14.89 0.60
3/24/13 8640 518400 720.00 354.06 15.40 0.62
3/25/13 10080 604800 777.69 354.23 15.57 0.62
3/26/13 11520 691200 831.38 354.38 15.72 0.63
3/27/13 12960 777600 881.82 354.47 15.81 0.63
3/28/13 14400 864000 929.52 354.55 15.89 0.64
3/29/13 15840 950400 974.88 354.68 16.02 0.64
CAPILLARY	  WATER	  ABSORPTION	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A5
187
APPENDIX G
Drying Index Data
188
189
UC	  A1
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  
Original	  Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
2/5/13 0.000 342.58 0.00 0.0000 -­‐0.0218
2/5/13 0.033 342.47 -­‐0.11 -­‐0.0009 -­‐0.0218
2/5/13 0.067 342.37 -­‐0.21 -­‐0.0017 -­‐0.0218
2/5/13 0.100 342.31 -­‐0.27 -­‐0.0022 -­‐0.0218
2/5/13 0.133 342.27 -­‐0.31 -­‐0.0025 -­‐0.0096
2/5/13 0.167 342.2 -­‐0.38 -­‐0.0030 -­‐0.0132
2/5/13 0.200 342.12 -­‐0.46 -­‐0.0037 -­‐0.0152
2/5/13 0.233 342.03 -­‐0.55 -­‐0.0044 -­‐0.0168
2/5/13 0.267 341.98 -­‐0.60 -­‐0.0048 -­‐0.0158
2/5/13 0.350 341.87 -­‐0.71 -­‐0.0057 -­‐0.0141
2/5/13 0.433 341.77 -­‐0.81 -­‐0.0065 -­‐0.0130
2/5/13 0.517 341.63 -­‐0.95 -­‐0.0076 -­‐0.0131
2/5/13 0.683 341.39 -­‐1.19 -­‐0.0095 -­‐0.0126
2/5/13 0.850 341.03 -­‐1.55 -­‐0.0124 -­‐0.0137
2/5/13 1.017 340.71 -­‐1.87 -­‐0.0150 -­‐0.0140
2/5/13 1.183 340.4 -­‐2.18 -­‐0.0174 -­‐0.0141
2/5/13 1.350 340.08 -­‐2.50 -­‐0.0200 -­‐0.0143
2/5/13 1.517 339.79 -­‐2.79 -­‐0.0223 -­‐0.0142
2/5/13 1.767 339.38 -­‐3.20 -­‐0.0256 -­‐0.0141
2/5/13 2.017 339.01 -­‐3.57 -­‐0.0286 -­‐0.0138
2/5/13 2.267 338.64 -­‐3.94 -­‐0.0315 -­‐0.0136
2/5/13 2.517 338.28 -­‐4.30 -­‐0.0344 -­‐0.0133
2/5/13 3.017 337.66 -­‐4.92 -­‐0.0394 -­‐0.0128
2/5/13 3.517 337.09 -­‐5.49 -­‐0.0439 -­‐0.0122
2/5/13 4.267 336.38 -­‐6.20 -­‐0.0496 -­‐0.0114
2/6/13 27.033 328.84 -­‐13.74 -­‐0.1099 -­‐0.0040
2/7/13 51.033 326.73 -­‐15.85 -­‐0.1268 -­‐0.0024
2/8/13 75.033 326.18 -­‐16.40 -­‐0.1312 -­‐0.0017
2/9/13 99.033 325.76 -­‐16.82 -­‐0.1346 -­‐0.0013
2/10/13 123.033 324.98 -­‐17.60 -­‐0.1408 -­‐0.0011
2/11/13 148.033 324.58 -­‐18.00 -­‐0.1440 -­‐0.0010
2/12/13 172.03 324.71 -­‐17.87 -­‐0.1430 -­‐0.0008
2/13/13 196.033 324.39 -­‐18.19 -­‐0.1455 -­‐0.0007
DRYING	  INDEX	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A1
190
UC	  A2
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  
Original	  Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
2/5/13 0.000 333.99 0.00 0.0000 -­‐0.0218
2/5/13 0.033 333.92 -­‐0.07 -­‐0.0006 -­‐0.0218
2/5/13 0.067 333.84 -­‐0.15 -­‐0.0012 -­‐0.0218
2/5/13 0.100 333.81 -­‐0.18 -­‐0.0014 -­‐0.0218
2/5/13 0.133 333.72 -­‐0.27 -­‐0.0022 0.0000
2/5/13 0.167 333.67 -­‐0.32 -­‐0.0026 -­‐0.0060
2/5/13 0.200 333.6 -­‐0.39 -­‐0.0031 -­‐0.0096
2/5/13 0.233 333.56 -­‐0.43 -­‐0.0034 -­‐0.0096
2/5/13 0.267 333.52 -­‐0.47 -­‐0.0038 -­‐0.0096
2/5/13 0.350 333.39 -­‐0.60 -­‐0.0048 -­‐0.0106
2/5/13 0.433 333.24 -­‐0.75 -­‐0.0060 -­‐0.0115
2/5/13 0.517 333.11 -­‐0.88 -­‐0.0070 -­‐0.0117
2/5/13 0.683 332.74 -­‐1.25 -­‐0.0100 -­‐0.0134
2/5/13 0.850 332.39 -­‐1.60 -­‐0.0128 -­‐0.0142
2/5/13 1.017 332.12 -­‐1.87 -­‐0.0150 -­‐0.0140
2/5/13 1.183 331.78 -­‐2.21 -­‐0.0177 -­‐0.0143
2/5/13 1.350 331.52 -­‐2.47 -­‐0.0198 -­‐0.0141
2/5/13 1.517 331.23 -­‐2.76 -­‐0.0221 -­‐0.0141
2/5/13 1.767 330.81 -­‐3.18 -­‐0.0254 -­‐0.0140
2/5/13 2.017 330.37 -­‐3.62 -­‐0.0290 -­‐0.0140
2/5/13 2.267 330.08 -­‐3.91 -­‐0.0313 -­‐0.0134
2/5/13 2.517 329.76 -­‐4.23 -­‐0.0338 -­‐0.0131
2/5/13 3.017 329.08 -­‐4.91 -­‐0.0393 -­‐0.0127
2/5/13 3.517 328.56 -­‐5.43 -­‐0.0434 -­‐0.0121
2/5/13 4.267 320.39 -­‐13.60 -­‐0.1088 -­‐0.0256
2/6/13 27.033 318.35 -­‐15.64 -­‐0.1251 -­‐0.0046
2/7/13 51.033 317.91 -­‐16.08 -­‐0.1286 -­‐0.0025
2/8/13 75.033 317.44 -­‐16.55 -­‐0.1324 -­‐0.0017
2/9/13 99.033 316.67 -­‐17.32 -­‐0.1386 -­‐0.0014
2/10/13 123.033 316.46 -­‐17.53 -­‐0.1402 -­‐0.0011
2/11/13 148.033 316.35 -­‐17.64 -­‐0.1411 -­‐0.0009
2/12/13 172.03 316.3 -­‐17.69 -­‐0.1415 -­‐0.0008
2/13/13 196.033 316.26 -­‐17.73 -­‐0.1418 -­‐0.0007
DRYING	  INDEX	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A2
191
UC	  A3
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  
Original	  Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
2/5/13 0.000 346.38 0.00 0.0000 -­‐0.0218
2/5/13 0.033 346.29 -­‐0.09 -­‐0.0007 -­‐0.0218
2/5/13 0.067 346.21 -­‐0.17 -­‐0.0014 -­‐0.0218
2/5/13 0.100 346.16 -­‐0.22 -­‐0.0018 -­‐0.0218
2/5/13 0.133 346.09 -­‐0.29 -­‐0.0023 -­‐0.0048
2/5/13 0.167 346.03 -­‐0.35 -­‐0.0028 -­‐0.0096
2/5/13 0.200 345.99 -­‐0.39 -­‐0.0031 -­‐0.0096
2/5/13 0.233 345.94 -­‐0.44 -­‐0.0035 -­‐0.0102
2/5/13 0.267 345.88 -­‐0.50 -­‐0.0040 -­‐0.0110
2/5/13 0.350 345.70 -­‐0.68 -­‐0.0054 -­‐0.0131
2/5/13 0.433 345.62 -­‐0.76 -­‐0.0061 -­‐0.0118
2/5/13 0.517 345.49 -­‐0.89 -­‐0.0071 -­‐0.0119
2/5/13 0.683 345.15 -­‐1.23 -­‐0.0098 -­‐0.0132
2/5/13 0.850 344.81 -­‐1.57 -­‐0.0126 -­‐0.0139
2/5/13 1.017 344.51 -­‐1.87 -­‐0.0150 -­‐0.0140
2/5/13 1.183 344.22 -­‐2.16 -­‐0.0173 -­‐0.0140
2/5/13 1.350 343.96 -­‐2.42 -­‐0.0194 -­‐0.0138
2/5/13 1.517 343.68 -­‐2.70 -­‐0.0216 -­‐0.0137
2/5/13 1.767 343.27 -­‐3.11 -­‐0.0249 -­‐0.0136
2/5/13 2.017 342.94 -­‐3.44 -­‐0.0275 -­‐0.0132
2/5/13 2.267 342.57 -­‐3.81 -­‐0.0305 -­‐0.0131
2/5/13 2.517 342.25 -­‐4.13 -­‐0.0330 -­‐0.0128
2/5/13 3.017 341.64 -­‐4.74 -­‐0.0379 -­‐0.0123
2/5/13 3.517 341.00 -­‐5.38 -­‐0.0430 -­‐0.0120
2/5/13 4.267 333.18 -­‐13.20 -­‐0.1056 -­‐0.0248
2/6/13 27.033 330.96 -­‐15.42 -­‐0.1234 -­‐0.0045
2/7/13 51.033 330.43 -­‐15.95 -­‐0.1276 -­‐0.0025
2/8/13 75.033 329.95 -­‐16.43 -­‐0.1314 -­‐0.0017
2/9/13 99.033 329.13 -­‐17.25 -­‐0.1380 -­‐0.0014
2/10/13 123.033 328.71 -­‐17.67 -­‐0.1414 -­‐0.0011
2/11/13 148.033 328.81 -­‐17.57 -­‐0.1406 -­‐0.0009
2/12/13 172.03 328.50 -­‐17.88 -­‐0.1430 -­‐0.0008
2/13/13 196.033 328.30 -­‐18.08 -­‐0.1446 -­‐0.0007
DRYING	  INDEX	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A3
192
UC	  A4
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  
Original	  Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
2/5/13 0.000 352.23 0.00 0.0000 -­‐0.0218
2/5/13 0.033 352.14 -­‐0.09 -­‐0.0007 -­‐0.0218
2/5/13 0.067 352.09 -­‐0.14 -­‐0.0011 -­‐0.0218
2/5/13 0.100 352.02 -­‐0.21 -­‐0.0017 -­‐0.0218
2/5/13 0.133 351.99 -­‐0.24 -­‐0.0019 0.0072
2/5/13 0.167 351.92 -­‐0.31 -­‐0.0025 -­‐0.0048
2/5/13 0.200 351.87 -­‐0.36 -­‐0.0029 -­‐0.0072
2/5/13 0.233 351.82 -­‐0.41 -­‐0.0033 -­‐0.0084
2/5/13 0.267 351.75 -­‐0.48 -­‐0.0038 -­‐0.0101
2/5/13 0.350 351.65 -­‐0.58 -­‐0.0046 -­‐0.0099
2/5/13 0.433 351.46 -­‐0.77 -­‐0.0062 -­‐0.0120
2/5/13 0.517 351.26 -­‐0.97 -­‐0.0078 -­‐0.0134
2/5/13 0.683 350.96 -­‐1.27 -­‐0.0102 -­‐0.0137
2/5/13 0.850 350.62 -­‐1.61 -­‐0.0129 -­‐0.0143
2/5/13 1.017 350.33 -­‐1.90 -­‐0.0152 -­‐0.0142
2/5/13 1.183 350.04 -­‐2.19 -­‐0.0175 -­‐0.0142
2/5/13 1.350 349.77 -­‐2.46 -­‐0.0197 -­‐0.0140
2/5/13 1.517 349.47 -­‐2.76 -­‐0.0221 -­‐0.0141
2/5/13 1.767 349.10 -­‐3.13 -­‐0.0250 -­‐0.0137
2/5/13 2.017 348.70 -­‐3.53 -­‐0.0282 -­‐0.0136
2/5/13 2.267 348.35 -­‐3.88 -­‐0.0310 -­‐0.0133
2/5/13 2.517 348.18 -­‐4.05 -­‐0.0324 -­‐0.0125
2/5/13 3.017 333.52 -­‐18.71 -­‐0.1497 -­‐0.0506
2/5/13 3.517 338.94 -­‐13.29 -­‐0.1063 -­‐0.0305
2/5/13 4.267 336.82 -­‐15.41 -­‐0.1233 -­‐0.0291
2/6/13 27.033 336.33 -­‐15.90 -­‐0.1272 -­‐0.0046
2/7/13 51.033 335.86 -­‐16.37 -­‐0.1310 -­‐0.0025
2/8/13 75.033 335.07 -­‐17.16 -­‐0.1373 -­‐0.0018
2/9/13 99.033 334.67 -­‐17.56 -­‐0.1405 -­‐0.0014
2/10/13 123.033 334.78 -­‐17.45 -­‐0.1396 -­‐0.0011
2/11/13 148.033 334.49 -­‐17.74 -­‐0.1419 -­‐0.0009
2/12/13 172.03 334.29 -­‐17.94 -­‐0.1435 -­‐0.0008
2/13/13 196.033 334.04 -­‐18.19 -­‐0.1455 -­‐0.0007
DRYING	  INDEX	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A4
193
UC	  A5
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  
Original	  Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
2/5/13 0.000 354.04 0.00 0.0000 -­‐0.0218
2/5/13 0.033 353.99 -­‐0.05 -­‐0.0004 -­‐0.0218
2/5/13 0.067 353.90 -­‐0.14 -­‐0.0011 -­‐0.0218
2/5/13 0.100 353.88 -­‐0.16 -­‐0.0013 -­‐0.0218
2/5/13 0.133 353.83 -­‐0.21 -­‐0.0017 0.0144
2/5/13 0.167 353.76 -­‐0.28 -­‐0.0022 -­‐0.0012
2/5/13 0.200 353.70 -­‐0.34 -­‐0.0027 -­‐0.0056
2/5/13 0.233 353.65 -­‐0.39 -­‐0.0031 -­‐0.0072
2/5/13 0.267 353.57 -­‐0.47 -­‐0.0038 -­‐0.0096
2/5/13 0.350 353.41 -­‐0.63 -­‐0.0050 -­‐0.0115
2/5/13 0.433 353.22 -­‐0.82 -­‐0.0066 -­‐0.0132
2/5/13 0.517 353.08 -­‐0.96 -­‐0.0077 -­‐0.0132
2/5/13 0.683 352.76 -­‐1.28 -­‐0.0102 -­‐0.0139
2/5/13 0.850 352.46 -­‐1.58 -­‐0.0126 -­‐0.0140
2/5/13 1.017 352.12 -­‐1.92 -­‐0.0154 -­‐0.0144
2/5/13 1.183 351.81 -­‐2.23 -­‐0.0178 -­‐0.0145
2/5/13 1.350 351.48 -­‐2.56 -­‐0.0205 -­‐0.0147
2/5/13 1.517 351.15 -­‐2.89 -­‐0.0231 -­‐0.0148
2/5/13 1.767 350.75 -­‐3.29 -­‐0.0263 -­‐0.0145
2/5/13 2.017 350.45 -­‐3.59 -­‐0.0287 -­‐0.0139
2/5/13 2.267 349.09 -­‐4.95 -­‐0.0396 -­‐0.0173
2/5/13 2.517 348.75 -­‐5.29 -­‐0.0423 -­‐0.0166
2/5/13 3.017 339.58 -­‐14.46 -­‐0.1157 -­‐0.0389
2/5/13 3.517 337.39 -­‐16.65 -­‐0.1332 -­‐0.0384
2/5/13 4.267 336.89 -­‐17.15 -­‐0.1372 -­‐0.0324
2/6/13 27.033 336.48 -­‐17.56 -­‐0.1405 -­‐0.0051
2/7/13 51.033 335.72 -­‐18.32 -­‐0.1466 -­‐0.0028
2/8/13 75.033 335.36 -­‐18.68 -­‐0.1494 -­‐0.0020
2/9/13 99.033 335.50 -­‐18.54 -­‐0.1483 -­‐0.0015
2/10/13 123.033 335.20 -­‐18.84 -­‐0.1507 -­‐0.0012
2/11/13 148.033 334.99 -­‐19.05 -­‐0.1524 -­‐0.0010
2/12/13 172.03 334.76 -­‐19.28 -­‐0.1542 -­‐0.0009
2/13/13 196.033 334.53 -­‐19.51 -­‐0.1561 -­‐0.0008
DRYING	  INDEX	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLE	  A5
194
C	  A1	  
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  	  	  
Original	  Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
4/11/13 0.000 341.57 0.00 0.0000 -­‐0.0221
4/11/13 0.033 341.46 -­‐0.11 -­‐0.0009 -­‐0.0221
4/11/13 0.067 341.38 -­‐0.19 -­‐0.0015 -­‐0.0221
4/11/13 0.100 341.29 -­‐0.28 -­‐0.0022 -­‐0.0221
4/11/13 0.133 341.22 -­‐0.35 -­‐0.0028 -­‐0.0168
4/11/13 0.167 341.16 -­‐0.41 -­‐0.0033 -­‐0.0156
4/11/13 0.200 341.07 -­‐0.50 -­‐0.0040 -­‐0.0176
4/11/13 0.233 340.99 -­‐0.58 -­‐0.0046 -­‐0.0180
4/11/13 0.267 340.92 -­‐0.65 -­‐0.0052 -­‐0.0178
4/11/13 0.350 340.85 -­‐0.72 -­‐0.0058 -­‐0.0141
4/11/13 0.433 340.74 -­‐0.83 -­‐0.0066 -­‐0.0132
4/11/13 0.517 340.61 -­‐0.96 -­‐0.0077 -­‐0.0131
4/11/13 0.683 340.36 -­‐1.21 -­‐0.0097 -­‐0.0128
4/11/13 0.850 340.02 -­‐1.55 -­‐0.0124 -­‐0.0135
4/11/13 1.017 339.90 -­‐1.67 -­‐0.0134 -­‐0.0121
4/11/13 1.183 339.45 -­‐2.12 -­‐0.0170 -­‐0.0136
4/11/13 1.350 339.12 -­‐2.45 -­‐0.0196 -­‐0.0139
4/11/13 1.517 338.85 -­‐2.72 -­‐0.0218 -­‐0.0138
4/11/13 1.767 338.45 -­‐3.12 -­‐0.0250 -­‐0.0136
4/11/13 2.017 338.06 -­‐3.51 -­‐0.0281 -­‐0.0135
4/11/13 2.267 337.65 -­‐3.92 -­‐0.0314 -­‐0.0134
4/11/13 2.517 337.23 -­‐4.34 -­‐0.0347 -­‐0.0134
4/11/13 3.017 336.83 -­‐4.74 -­‐0.0379 -­‐0.0122
4/11/13 3.517 336.26 -­‐5.31 -­‐0.0425 -­‐0.0118
4/11/13 4.267 335.44 -­‐6.13 -­‐0.0490 -­‐0.0112
4/12/13 27.033 329.62 -­‐11.95 -­‐0.0956 -­‐0.0035
4/13/13 51.033 328.56 -­‐13.01 -­‐0.1041 -­‐0.0020
4/14/13 75.033 325.69 -­‐15.88 -­‐0.1270 -­‐0.0017
4/15/13 99.033 324.71 -­‐16.86 -­‐0.1349 -­‐0.0013
4/16/13 123.033 324.09 -­‐17.48 -­‐0.1398 -­‐0.0011
4/17/13 148.033 323.77 -­‐17.80 -­‐0.1424 -­‐0.0009
4/18/13 172.03 323.52 -­‐18.05 -­‐0.1444 -­‐0.0008
4/19/13 196.033 323.34 -­‐18.23 -­‐0.1458 -­‐0.0007
DRYING	  INDEX	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A1
195
C	  A2
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  Original	  
Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
4/11/13 0.000 334.56 0.00 0.0000 -­‐0.0221
4/11/13 0.033 334.51 -­‐0.05 -­‐0.0004 -­‐0.0221
4/11/13 0.067 334.39 -­‐0.17 -­‐0.0014 -­‐0.0221
4/11/13 0.100 334.32 -­‐0.24 -­‐0.0019 -­‐0.0221
4/11/13 0.133 334.25 -­‐0.31 -­‐0.0025 -­‐0.0072
4/11/13 0.167 334.22 -­‐0.34 -­‐0.0027 -­‐0.0072
4/11/13 0.200 334.16 -­‐0.40 -­‐0.0032 -­‐0.0096
4/11/13 0.233 334.1 -­‐0.46 -­‐0.0037 -­‐0.0108
4/11/13 0.267 334.02 -­‐0.54 -­‐0.0043 -­‐0.0125
4/11/13 0.350 333.94 -­‐0.62 -­‐0.0050 -­‐0.0109
4/11/13 0.433 333.78 -­‐0.78 -­‐0.0062 -­‐0.0120
4/11/13 0.517 333.63 -­‐0.93 -­‐0.0074 -­‐0.0125
4/11/13 0.683 333.44 -­‐1.12 -­‐0.0090 -­‐0.0115
4/11/13 0.850 333.02 -­‐1.54 -­‐0.0123 -­‐0.0134
4/11/13 1.017 332.94 -­‐1.62 -­‐0.0130 -­‐0.0117
4/11/13 1.183 332.71 -­‐1.85 -­‐0.0148 -­‐0.0116
4/11/13 1.350 332.34 -­‐2.22 -­‐0.0178 -­‐0.0124
4/11/13 1.517 331.99 -­‐2.57 -­‐0.0206 -­‐0.0129
4/11/13 1.767 331.59 -­‐2.97 -­‐0.0238 -­‐0.0129
4/11/13 2.017 331.29 -­‐3.27 -­‐0.0262 -­‐0.0125
4/11/13 2.267 331 -­‐3.56 -­‐0.0285 -­‐0.0121
4/11/13 2.517 330.61 -­‐3.95 -­‐0.0316 -­‐0.0121
4/11/13 3.017 330.19 -­‐4.37 -­‐0.0350 -­‐0.0112
4/11/13 3.517 329.75 -­‐4.81 -­‐0.0385 -­‐0.0106
4/11/13 10.017 319.9 -­‐14.66 -­‐0.1173 -­‐0.0116
4/12/13 27.033 317.96 -­‐16.60 -­‐0.1328 -­‐0.0048
4/13/13 51.033 317.6 -­‐16.30 -­‐0.1304 -­‐0.0025
4/14/13 75.033 317.24 -­‐16.66 -­‐0.1333 -­‐0.0017
4/15/13 99.033 317.1 -­‐17.46 -­‐0.1397 -­‐0.0014
4/16/13 123.033 316.96 -­‐17.60 -­‐0.1408 -­‐0.0011
4/17/13 148.033 316.69 -­‐17.87 -­‐0.1430 -­‐0.0010
4/18/13 172.03 316.64 -­‐17.92 -­‐0.1434 -­‐0.0008
4/19/13 196.033 316.58 -­‐17.98 -­‐0.1438 -­‐0.0007
DRYING	  INDEX	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A2
196
C	  A3
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  Original	  
Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
4/11/13 0.000 345.76 0.00 0.0000 -­‐0.0221
4/11/13 0.033 345.69 -­‐0.07 -­‐0.0006 -­‐0.0221
4/11/13 0.067 345.63 -­‐0.13 -­‐0.0010 -­‐0.0221
4/11/13 0.100 345.57 -­‐0.19 -­‐0.0015 -­‐0.0221
4/11/13 0.133 345.51 -­‐0.25 -­‐0.0020 0.0072
4/11/13 0.167 345.45 -­‐0.31 -­‐0.0025 -­‐0.0036
4/11/13 0.200 345.39 -­‐0.37 -­‐0.0030 -­‐0.0072
4/11/13 0.233 345.34 -­‐0.42 -­‐0.0034 -­‐0.0084
4/11/13 0.267 345.27 -­‐0.49 -­‐0.0039 -­‐0.0101
4/11/13 0.350 345.25 -­‐0.51 -­‐0.0041 -­‐0.0074
4/11/13 0.433 345.16 -­‐0.60 -­‐0.0048 -­‐0.0077
4/11/13 0.517 345.01 -­‐0.75 -­‐0.0060 -­‐0.0090
4/11/13 0.683 344.89 -­‐0.87 -­‐0.0070 -­‐0.0081
4/11/13 0.850 344.4 -­‐1.36 -­‐0.0109 -­‐0.0115
4/11/13 1.017 344.07 -­‐1.69 -­‐0.0135 -­‐0.0123
4/11/13 1.183 343.84 -­‐1.92 -­‐0.0154 -­‐0.0121
4/11/13 1.350 343.55 -­‐2.21 -­‐0.0177 -­‐0.0124
4/11/13 1.517 343.34 -­‐2.42 -­‐0.0194 -­‐0.0121
4/11/13 1.767 342.79 -­‐2.97 -­‐0.0238 -­‐0.0129
4/11/13 2.017 342.34 -­‐3.42 -­‐0.0274 -­‐0.0131
4/11/13 2.267 342.04 -­‐3.72 -­‐0.0298 -­‐0.0127
4/11/13 2.517 341.78 -­‐3.98 -­‐0.0318 -­‐0.0122
4/11/13 3.017 341.38 -­‐4.38 -­‐0.0350 -­‐0.0112
4/11/13 3.517 341 -­‐4.76 -­‐0.0381 -­‐0.0105
4/11/13 10.017 333.92 -­‐11.84 -­‐0.0947 -­‐0.0093
4/12/13 27.033 330.87 -­‐14.89 -­‐0.1191 -­‐0.0043
4/13/13 51.033 330.49 -­‐15.27 -­‐0.1222 -­‐0.0024
4/14/13 75.033 329.98 -­‐15.78 -­‐0.1262 -­‐0.0017
4/15/13 99.033 329.17 -­‐16.59 -­‐0.1327 -­‐0.0013
4/16/13 123.033 328.9 -­‐16.86 -­‐0.1349 -­‐0.0011
4/17/13 148.033 328.57 -­‐17.19 -­‐0.1375 -­‐0.0009
4/18/13 172.03 328.23 -­‐17.53 -­‐0.1402 -­‐0.0008
4/19/13 196.033 327.98 -­‐17.78 -­‐0.1422 -­‐0.0007
DRYING	  INDEX	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A3
197
C	  A4
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  Original	  
Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
4/11/13 0.000 352.63 0.00 0.0000 -­‐0.0221
4/11/13 0.033 352.60 -­‐0.03 -­‐0.0002 -­‐0.0221
4/11/13 0.067 352.47 -­‐0.16 -­‐0.0013 -­‐0.0221
4/11/13 0.100 352.41 -­‐0.22 -­‐0.0018 -­‐0.0221
4/11/13 0.133 352.31 -­‐0.32 -­‐0.0026 -­‐0.0221
4/11/13 0.167 352.17 -­‐0.46 -­‐0.0037 -­‐0.0221
4/11/13 0.200 352.03 -­‐0.60 -­‐0.0048 -­‐0.0221
4/11/13 0.233 351.95 -­‐0.68 -­‐0.0054 -­‐0.0221
4/11/13 0.267 351.87 -­‐0.76 -­‐0.0061 -­‐0.0221
4/11/13 0.350 351.56 -­‐1.07 -­‐0.0086 -­‐0.0221
4/11/13 0.433 351.33 -­‐1.30 -­‐0.0104 -­‐0.0221
4/11/13 0.517 351.16 -­‐1.47 -­‐0.0118 -­‐0.0221
4/11/13 0.683 350.72 -­‐1.91 -­‐0.0153 -­‐0.0221
4/11/13 0.850 350.59 -­‐2.04 -­‐0.0163 -­‐0.0221
4/11/13 1.017 350.34 -­‐2.29 -­‐0.0183 -­‐0.0221
4/11/13 1.183 350.17 -­‐2.46 -­‐0.0197 -­‐0.0221
4/11/13 1.350 349.99 -­‐2.64 -­‐0.0211 -­‐0.0221
4/11/13 1.517 349.84 -­‐2.79 -­‐0.0223 -­‐0.0221
4/11/13 1.767 349.67 -­‐2.96 -­‐0.0237 -­‐0.0221
4/11/13 2.017 349.52 -­‐3.11 -­‐0.0249 -­‐0.0221
4/11/13 2.267 349.39 -­‐3.24 -­‐0.0259 -­‐0.0221
4/11/13 2.517 349.26 -­‐3.37 -­‐0.0270 -­‐0.0221
4/11/13 8.017 349.10 -­‐3.53 -­‐0.0282 -­‐0.0221
4/11/13 9.017 349.00 -­‐3.63 -­‐0.0290 -­‐0.0221
4/11/13 10.017 348.87 -­‐3.76 -­‐0.0301 -­‐0.0221
4/12/13 27.033 346.38 -­‐6.25 -­‐0.0500 -­‐0.0221
4/13/13 51.033 345.24 -­‐7.39 -­‐0.0591 -­‐0.0221
4/14/13 75.033 341.52 -­‐11.11 -­‐0.0889 -­‐0.0221
4/15/13 99.033 339.00 -­‐13.63 -­‐0.1090 -­‐0.0221
4/16/13 123.033 339.46 -­‐13.17 -­‐0.1054 -­‐0.0221
4/17/13 148.033 339.41 -­‐13.22 -­‐0.1058 -­‐0.0221
4/18/13 172.03 339.40 -­‐13.23 -­‐0.1058 -­‐0.0221
4/19/13 196.033 339.40 -­‐13.23 -­‐0.1058 -­‐0.0221
DRYING	  INDEX	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A4
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C	  A5
Date Time	  (hr) Weight	  (g)
Water	  Content	  
(Weight	  -­‐	  Original	  
Weight)
Moisture	  Content	  
(Ψ)
Drying	  Rate	  
(g/cm^3)
4/11/13 0.000 354.47 0.00 0.0000 -­‐0.0221
4/11/13 0.033 354.45 -­‐0.02 -­‐0.0002 -­‐0.0221
4/11/13 0.067 354.36 -­‐0.11 -­‐0.0009 -­‐0.0221
4/11/13 0.100 354.29 -­‐0.18 -­‐0.0014 -­‐0.0221
4/11/13 0.133 354.13 -­‐0.34 -­‐0.0027 -­‐0.0144
4/11/13 0.167 353.99 -­‐0.48 -­‐0.0038 -­‐0.0240
4/11/13 0.200 353.84 -­‐0.63 -­‐0.0050 -­‐0.0280
4/11/13 0.233 353.74 -­‐0.73 -­‐0.0058 -­‐0.0270
4/11/13 0.267 353.65 -­‐0.82 -­‐0.0066 -­‐0.0259
4/11/13 0.350 353.36 -­‐1.11 -­‐0.0089 -­‐0.0266
4/11/13 0.433 353.14 -­‐1.33 -­‐0.0106 -­‐0.0252
4/11/13 0.517 352.93 -­‐1.54 -­‐0.0123 -­‐0.0242
4/11/13 0.683 352.49 -­‐1.98 -­‐0.0158 -­‐0.0233
4/11/13 0.850 352.35 -­‐2.12 -­‐0.0170 -­‐0.0196
4/11/13 1.017 352.04 -­‐2.43 -­‐0.0194 -­‐0.0188
4/11/13 1.183 351.81 -­‐2.66 -­‐0.0213 -­‐0.0176
4/11/13 1.350 351.60 -­‐2.87 -­‐0.0230 -­‐0.0166
4/11/13 1.517 351.42 -­‐3.05 -­‐0.0244 -­‐0.0156
4/11/13 1.767 351.19 -­‐3.28 -­‐0.0262 -­‐0.0144
4/11/13 2.017 351.04 -­‐3.43 -­‐0.0274 -­‐0.0131
4/11/13 2.267 350.86 -­‐3.61 -­‐0.0289 -­‐0.0123
4/11/13 2.517 350.70 -­‐3.77 -­‐0.0302 -­‐0.0116
4/11/13 8.017 348.74 -­‐5.73 -­‐0.0458 -­‐0.0055
4/11/13 9.017 347.00 -­‐7.47 -­‐0.0598 -­‐0.0065
4/11/13 10.017 346.74 -­‐7.73 -­‐0.0618 -­‐0.0060
4/12/13 27.033 344.46 -­‐10.01 -­‐0.0801 -­‐0.0029
4/13/13 51.033 344.40 -­‐10.07 -­‐0.0806 -­‐0.0015
4/14/13 75.033 344.34 -­‐10.13 -­‐0.0810 -­‐0.0011
4/15/13 99.033 344.12 -­‐10.35 -­‐0.0828 -­‐0.0008
4/16/13 123.033 342.49 -­‐11.98 -­‐0.0958 -­‐0.0008
4/17/13 148.033 342.02 -­‐12.45 -­‐0.0996 -­‐0.0007
4/18/13 172.03 341.79 -­‐12.68 -­‐0.1014 -­‐0.0006
4/19/13 196.033 341.33 -­‐13.14 -­‐0.1051 -­‐0.0005
DRYING	  INDEX	  DATA	  -­‐	  CONSOLIDATED	  SAMPLE	  A5
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APPENDIX H
Water Vapor Transmission Data
200
201
Date Temp	  (°C) RH	  (%) Time	  (	  Hrs) C1	  Weight	  (g) C2	  Weight	  (g) C3	  Weight	  (g) C4	  Weight	  (g) C5	  Weight	  (g)
3/23/13 22.2 46 0.00 105.08 107.4 106.66 110.44 105.54
3/23/13 22.2 42 0.33 105.08 107.39 106.68 110.46 105.52
3/23/13 22.2 37 0.67 105.08 107.39 106.68 110.45 105.51
3/23/13 22.2 37 0.92 105.09 107.4 106.68 110.45 105.52
3/23/13 22.2 47 1.17 105.09 107.4 106.69 110.46 105.53
3/23/13 22.3 47 4.00 105.13 107.44 106.72 110.49 105.56
3/24/13 22.8 51 6.50 105.16 107.46 106.74 110.51 105.60
3/24/13 23.3 55 24.00 105.28 107.58 106.88 110.66 105.71
3/25/13 23.2 46 48.00 105.39 107.70 107.00 110.75 105.84
3/26/13 22.9 49 64.00 105.44 107.78 107.08 110.84 105.88
3/27/13 23.0 51 88.00 105.43 107.78 107.10 110.87 105.93
3/28/13 22.5 53 112.00 105.43 107.79 107.08 110.88 105.93
3/29/13 22.1 52 136.00 105.40 107.78 107.11 110.84 105.89
3/30/13 21.3 54 160.00 105.28 107.66 106.94 110.71 105.76
3/31/13 21.5 55 184.00 105.10 107.52 106.83 110.55 105.60
4/1/13 22.0 53 208.00 104.96 107.37 106.65 110.37 105.42
4/2/13 22.8 52 232.00 104.77 107.22 106.47 110.18 105.21
4/3/13 23.0 53 256.00 104.62 107.07 106.33 110.06 105.08
4/4/13 23.0 53 280.00 104.42 106.90 106.15 109.88 104.90
4/5/13 23.0 54 304.00 104.25 106.75 105.96 109.71 104.72
4/6/13 23.2 50 328.00 104.03 106.55 105.78 109.51 104.54
4/7/13 22.4 52 352.00 103.89 106.42 105.65 109.38 104.41
4/8/13 23.0 52 376.00 103.72 106.26 105.48 109.20 104.24
4/9/13 22.5 53 400.00 103.56 106.12 105.35 109.09 104.11
4/10/13 23.4 53 424.00 103.41 105.97 105.19 108.91 103.96
4/11/13 23.3 50 448.00 103.25 105.81 105.04 108.74 103.79
4/12/13 24.4 51 472.00 103.03 105.61 104.83 108.55 103.59
4/13/13 22.2 48 496.00 102.87 105.47 104.69 108.39 103.44
4/14/13 22.9 52 520.00 102.69 105.30 104.52 108.23 103.26
4/15/13 23.1 53 544.00 102.51 105.21 104.34 108.05 103.10
4/16/13 23.5 52 568.00 102.32 104.96 104.17 107.89 102.92
4/17/13 23.3 50 592.00 102.15 104.80 104.02 107.73 102.76
4/18/13 22.8 53 616.00 102.00 104.66 103.86 107.57 102.62
4/19/13 21.6 51 640.00 101.83 104.49 103.71 107.42 102.47
4/20/13 22.1 51 664.00 101.66 104.33 103.56 107.24 102.31
4/21/13 22.7 49 688.00 101.51 104.17 103.38 107.09 102.13
4/22/13 22.7 53 712.00 101.33 104.01 103.22 106.93 101.98
4/23/13 22.6 50 736.00 101.17 103.86 103.08 106.77 101.82
4/24/13 22.9 52 760.00 100.97 103.69 102.91 106.61 101.65
4/25/13 23.3 48 784.00 100.80 103.54 102.74 106.43 101.48
WATER	  VAPOR	  TRANSMISSION	  TESTING	  DATA	  -­‐	  UNCONSOLIDATED	  SAMPLES
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Date Temp	  (°C) RH	  (%) Time	  (	  Hrs) D1	  Weight	  (g) D2	  Weight	  (g) D3	  Weight	  (g) D4	  Weight	  (g) D5	  Weight	  (g)
3/23/13 22.2 46 0.00 108.23 109.44 107.67 108.25 105.80
3/23/13 22.2 42 0.33 108.23 109.43 107.67 108.24 105.80
3/23/13 22.2 37 0.67 108.23 109.44 107.68 108.23 105.81
3/23/13 22.2 37 0.92 108.23 109.43 107.67 108.24 105.81
3/23/13 22.2 47 1.17 108.23 109.43 107.69 108.23 105.81
3/23/13 22.3 47 4.00 108.26 109.45 107.70 108.26 105.83
3/24/13 22.8 51 6.50 108.27 109.47 107.72 108.28 105.85
3/24/13 23.3 55 24.00 108.34 109.55 107.80 108.36 105.93
3/25/13 23.2 46 48.00 108.43 109.62 107.87 108.44 106.02
3/26/13 22.9 49 64.00 108.50 109.68 107.94 108.53 106.10
3/27/13 23.0 51 88.00 108.52 109.73 107.98 108.56 106.14
3/28/13 22.5 53 112.00 108.52 109.75 108.01 108.59 106.18
3/29/13 22.1 52 136.00 108.53 109.75 108.03 108.59 106.16
3/30/13 21.3 54 160.00 108.47 109.69 107.98 108.55 106.14
3/31/13 21.5 55 184.00 108.39 109.65 107.94 108.50 106.08
4/1/13 22.0 53 208.00 108.30 109.58 107.88 108.45 106.04
4/2/13 22.8 52 232.00 108.21 109.47 107.80 108.36 105.94
4/3/13 23.0 53 256.00 108.11 109.40 107.73 108.28 105.87
4/4/13 23.0 53 280.00 107.99 109.29 107.64 108.21 105.79
4/5/13 23.0 54 304.00 107.86 109.21 107.57 108.10 105.70
4/6/13 23.2 50 328.00 107.71 109.06 107.44 107.96 105.58
4/7/13 22.4 52 352.00 107.62 108.98 107.38 107.90 105.50
4/8/13 23.0 52 376.00 107.49 108.87 107.27 107.78 105.41
4/9/13 22.5 53 400.00 107.39 108.76 107.18 107.70 105.32
4/10/13 23.4 53 424.00 107.24 108.64 107.08 107.58 105.21
4/11/13 23.3 50 448.00 107.10 108.52 106.97 107.48 105.10
4/12/13 24.4 51 472.00 106.93 108.35 106.82 107.32 104.95
4/13/13 22.2 48 496.00 106.79 108.23 106.71 107.19 104.84
4/14/13 22.9 52 520.00 106.63 108.07 106.59 107.07 104.71
4/15/13 23.1 53 544.00 106.50 107.95 106.46 106.91 104.59
4/16/13 23.5 52 568.00 106.31 107.82 106.32 106.79 104.46
4/17/13 23.3 50 592.00 106.17 107.70 106.19 106.66 104.34
4/18/13 22.8 53 616.00 106.04 107.57 106.09 106.52 104.23
4/19/13 21.6 51 640.00 105.90 107.45 105.97 106.43 104.11
4/20/13 22.1 51 664.00 105.75 107.31 105.84 106.29 104.00
4/21/13 22.7 49 688.00 105.59 107.17 105.72 106.15 103.85
4/22/13 22.7 53 712.00 105.45 107.04 105.60 106.02 103.73
4/23/13 22.6 50 736.00 105.31 106.89 105.44 105.88 103.61
4/24/13 22.9 52 760.00 105.14 106.76 105.34 105.76 103.50
4/25/13 23.3 48 784.00 104.93 106.60 105.18 105.61 103.36
WATER	  VAPOR	  TRANSMISSION	  TESTING	  DATA	  -­‐	  CONSOLIDATED	  SAMPLES
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APPENDIX I
Freeze/Thaw Resistance Data
204
CYCLE	  # E1	  Weight	  (g) E2	  Weight	  (g) E3	  Weight	  (g) E4	  Weight	  (g) E5	  Weight	  (g)
INITIAL	  WEIGHT 311.94 339.69 300.32 324.97 300.64
0
Mass	  in	  Air	  After	  6	  
Hrs	  Immersion 328.84 358.21 317.76 343.35 318.46
Mass	  in	  Water	  After	  6	  
Hrs	  Immersion 193.17 203.84 181.54 199.55 181.33
Bulk	  Volume 135.67 154.37 136.22 143.80 137.13
4 Mass	  in	  Air 329.37 360.08 319.26 343.57 319.89
Mass	  in	  Water 193.75 205.89 183.26 200.23 183.01
Bulk	  Volume 135.62 154.19 136.00 143.34 136.88
8 Mass	  in	  Air 329.40 360.15 319.39 343.67 319.98
Mass	  in	  Water 193.98 206.05 183.36 200.19 183.17
Bulk	  Volume 135.42 154.10 136.03 143.48 136.81
12 Mass	  in	  Air 329.57 360.30 219.36 343.72 320.09
Mass	  in	  Water 194.15 206.15 183.35 200.27 183.21
Bulk	  Volume 135.42 154.15 36.01 143.45 136.88
16 Mass	  in	  Air 329.67 360.24 319.40 343.75 320.07
Mass	  in	  Water 194.25 207.80 183.39 200.39 183.25
Bulk	  Volume 135.42 152.44 136.01 143.36 136.82
20 Mass	  in	  Air 329.81 360.49 319.42 344.08 320.10
Mass	  in	  Water 194.36 206.32 183.43 200.56 183.28
Bulk	  Volume 135.45 154.17 135.99 143.52 136.82
24 Mass	  in	  Air 329.99 360.57 319.45 344.22 320.32
Mass	  in	  Water 194.54 206.46 183.46 200.67 183.45
Bulk	  Volume 135.45 154.11 135.99 143.55 136.87
28 Mass	  in	  Air 329.95 360.70 319.55 344.23 320.42
Mass	  in	  Water 194.75 206.84 183.78 201.04 183.86
Bulk	  Volume 135.20 153.86 135.77 143.19 136.56
32 Mass	  in	  Air 329.88 360.56 319.50 344.26 320.39
Mass	  in	  Water 194.74 206.77 183.74 201.09 183.76
Bulk	  Volume 135.14 153.79 135.76 143.17 136.63
36 Mass	  in	  Air 329.88 360.61 319.49 344.37 320.32
Mass	  in	  Water 194.83 206.95 183.87 201.22 183.89
Bulk	  Volume 135.05 153.66 135.62 143.15 136.43
40 Mass	  in	  Air 329.86 360.71 319.44 344.34 320.37
Mass	  in	  Water 194.85 207.33 183.92 201.79 184.08
Bulk	  Volume 135.01 153.38 135.52 142.55 136.29
44 Mass	  in	  Air 330.07 360.96 319.66 344.58 320.60
Mass	  in	  Water 194.55 207.50 184.01 201.49 184.05
Bulk	  Volume 135.52 153.46 135.65 143.09 136.55
Volume	  (%)	   0.11056 0.58949 0.41844 0.49374 0.42296
FREEZE/THAW	  RESISTANCE	  DATA	  AND	  CALCULATIONS	  -­‐	  UNCONSOLIDATED	  SAMPLES
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CYCLE	  # B1	  Weight	  (g) B2	  Weight	  (g) B3	  Weight	  (g) B4	  Weight	  (g) B5	  Weight	  (g)
INITIAL	  WEIGHT 338.40 334.62 321.88 322.45 319.90
0
Mass	  in	  Air	  After	  6	  
Hrs	  Immersion 345.75 339.14 325.76 329.41 324.41
Mass	  in	  Water	  After	  6	  
Hrs	  Immersion 194.80 191.74 184.45 184.53 182.61
Bulk	  Volume 150.95 147.40 141.31 144.88 141.80
4 Mass	  in	  Air 354.85 348.71 334.39 337.90 333.60
Mass	  in	  Water 204.53 200.17 194.20 193.95 192.11
Bulk	  Volume 150.32 148.54 140.19 143.95 141.49
8 Mass	  in	  Air 355.22 349.47 335.38 338.60 334.39
Mass	  in	  Water 205.39 201.02 194.92 195.14 192.73
Bulk	  Volume 149.83 148.45 140.46 143.46 141.66
12 Mass	  in	  Air 355.12 349.69 335.50 338.84 334.58
Mass	  in	  Water 204.40 202.12 195.50 195.34 193.08
Bulk	  Volume 150.72 147.57 140.00 143.50 141.50
16 Mass	  in	  Air 355.27 349.77 335.64 338.80 334.48
Mass	  in	  Water 204.40 202.00 195.12 195.22 193.35
Bulk	  Volume 150.87 147.77 140.52 143.58 141.13
20 Mass	  in	  Air 355.19 349.73 335.73 338.79 334.50
Mass	  in	  Water 205.03 202.13 195.87 194.28 193.25
Bulk	  Volume 150.16 147.60 139.86 144.51 141.25
24 Mass	  in	  Air 355.35 349.86 335.79 338.82 344.70
Mass	  in	  Water 205.08 202.76 195.15 194.61 193.13
Bulk	  Volume 150.27 147.10 140.64 144.21 151.57
28 Mass	  in	  Air 355.24 349.93 335.75 338.79 334.67
Mass	  in	  Water 205.67 201.71 195.75 194.16 193.81
Bulk	  Volume 149.57 148.22 140.00 144.63 140.86
32 Mass	  in	  Air 355.33 349.73 335.80 338.78 334.67
Mass	  in	  Water 205.54 202.46 196.29 195.54 193.76
Bulk	  Volume 149.79 147.27 139.51 143.24 140.91
36 Mass	  in	  Air 355.36 349.77 335.77 338.78 334.63
Mass	  in	  Water 204.44 202.07 196.37 195.11 193.59
Bulk	  Volume 150.92 147.70 139.40 143.67 141.04
40 Mass	  in	  Air 355.34 349.83 335.89 338.83 334.67
Mass	  in	  Water 205.95 202.34 196.85 196.34 192.86
Bulk	  Volume 149.39 147.49 139.04 142.49 141.81
44 Mass	  in	  Air 355.46 349.99 336.03 338.99 334.80
Mass	  in	  Water 205.88 202.19 195.82 195.18 193.70
Bulk	  Volume 149.58 147.80 140.21 143.81 141.10
Volume	  (%)	   0.90759 -­‐0.27137 0.77843 0.73854 0.49365
FREEZE/THAW	  RESISTANCE	  DATA	  AND	  CALCULATIONS	  -­‐	  CONSOLIDATED	  SAMPLES
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APPENDIX J
Depth of Penetration With Resistance Drill (DRMS System) Data
207
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